
Abstract. This paper reviews research into the electrical proper-
ties that are imparted to composite materials by introducing
carbon nanotubes (CNTs) into their polymer matrices. Due to
the large aspect ratio ofCNTs, evena small amount of doping (at
a level of 0.01 ± 0.1%) is enough to increase the conductivity of
thematerial bymore than ten orders ofmagnitude, thus changing
it from an insulator to a conductor. At low doping, charge
transfer is of a percolation nature in the sense that nanotubes
that are in contact with each other form conducting channels in
the material. Importantly, the conductivity has a threshold nat-
ure, so that the conduction jump occurs upon an arbitrarily small
increase in a doping level above the critical value. This paper
summarizes experimental data on the position of the percolation
threshold and the maximum magnitude of the conductivity for
composites obtained using various polymer types and a variety of
CNT geometries. Factors affecting the electrical characteristics
of composites produced by distinct methods are analyzed.Meth-

ods for and basic results obtained from the simulation of the
percolation conductivity of CNT-doped composites are dis-
cussed. Particular attention is given to contact phenomena that
occur at adjacent nanotube boundaries and which determine the
conductivity of CNT-doped composites.

Keywords: polymers, composites, carbon nanotubes, electrical
properties

1. Introduction

Polymer materials are finding applications in many technolo-
gical processes and engineering systems due to their good
mechanical characteristics, high plasticity, and relatively low
cost. One of the widespread approaches to improving the
characteristics of such materials is based on the use of fillers.
Specifically, adding carbon nanotubes (CNTs) into a polymer
matrix imparts new properties to the material due to the
unique characteristics of CNTs. Young's modulus of a single-
walled nanotube reaches a magnitude of order terapascal
(TPa) [1] which is a record quantity for all known materials.
This offers a possibility of developing the composite materials
on the base of polymers possessing improved mechanical
properties due to the addition of CNTs.

The main difficulty arising in the solution of the above-
noted problem relates to the necessity of providing a quite
reliable mechanical conjugation between the nanotube's
surface and the matrix material. In the absence of such a
conjugation, the nanotubes behave inside a composite like a
hair in a pie,moving freely inside thematrix undermechanical
loading. In this case, the addition of nanotubes results in a
decrease rather than an increase in the mechanical strength of
the composite. This problem can be overcome by providing a
linkage between the nanotube surface and the matrix
material, which is achieved through the functionalization of
CNTs. Efforts of tens of laboratories in the world are focused
on the solution to this problem.
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Along with extraordinary mechanical properties, CNTs
possess good electrical conductivity: therefore, adding those
into a polymer matrix imparts electrical conducting proper-
ties to the composite material. This extends considerably the
area of possible applications of composite materials and is
attracting many researchers to investigate the electrical
properties of such materials. The scientific community's
increasing interest in studies of CNTs and composite
materials with CNT fillers can be seen from the diagram
presented in Fig. 1 [2]. As evident from this diagram, the
annual number of publications in these areas has increased by
tens of percent per year, reaching in 2010 5500 for CNTs and
1300 for composites filled with CNTs. Some fall in the
number of publications in 2010 is obviously due to a lack of
data relating to this last year of the period under analysis in
paper [2].

The specific electrical conductivity of CNTs reaches
magnitudes on the order of 106 S mÿ1 [3, 4], which exceeds
the characteristic values for the majority of polymer
materials by 15±20 orders of magnitude [5]. With such a
great difference in the conductivity, just a small quantity of
added CNT filler is sufficient to make a polymer conductive.
One of the advantages concerning the usage of CNTs as a
conductive addition to composite materials is related to the
high aspect ratio Z (ratio of the length l to the diameterD) for
these nanoobjects. Due to such a feature, the addition of
about 0.1% CNTs to a polymer matrix results in an
enhancement of the conductivity of the composite by 8±
10 orders of magnitude, which transforms the material from
an insulator into a conductor. Then, apercolation character of
the conductivity of the material appears, in accordance with
which at low filler loading the charge transport occurs through
a few number of conducting channels forming at the contacts
of filler particles.

The percolation threshold, conventionally defined as the
filler content sufficient for emerging the electrical conductiv-
ity of the material, depends on such factors as the structure of
the filler particles, the sort of a polymer material, the aspect
ratio, and the degree of ordering of filler particles in the
composites. The dependence of the percolation threshold on
the aspect ratio of the filler particles is particularly significant
when CNTs are used as filler particles having an aspect ratio
of order 103ÿ104. In this case, the position of the percolation

threshold is inversely proportional to the aspect ratio [6] and
can be found within the range of 0.01±0.1%. This important
feature is attracting the interest of researchers to the problem
of the development of conductive polymer-based composites
with a CNT addition.

The properties of suchmaterials are determinedmainly by
both the aspect ratio and the character of the contact between
adjacent nanotube surfaces and between a nanotube and the
polymer matrix. These properties have been the subject of
active experimental and theoretical investigations performed
in recent years. The present review contains a brief considera-
tion of the approaches applied in those investigations and an
analysis of the results obtained.

2. Experimental studies of the electrical
conductivity of composites filled with CNTs

The percolation conductivity of composite materials consist-
ing of a nonconducting matrix doped with a conducting
component addition has been studied in detail by many
authors (see, e.g., reviews [6±10]). Interest in investigations
of the conductivity of composites on the base of polymers
doped with CNTs was stimulated by the work of Coleman et
al. [11], where the percolation character of the charge
transport in such a material was first demonstrated. In this
work, poly-p-phenylenevinylene-co-2.5-dioxy-m-phenylene-
vinylene (PMPV) was used as a polymer matrix. CNTs were
synthesized by the standard electric arc method. Samples of
the composite with various contents of CNTs were sealed
with toluene and ultrasonicated. The mixture was held for
3 days until the soot precipitated. For performance of
electrical measurements, a film several hundred nm thick
and 4 mm2 in area was plated on a platinum electrode
deposited onto a glass substrate. The second platinum
electrode was deposited from above the film. To improve
the contact, the electrodes were covered with a conducting
dye. The electrical conductivity of the films was measured by
means of the standard two-probe method.

The measurements performed indicate a ten-order-of-
magnitude enhancement in the conductivity of the compo-
site from the initial value of � 2� 10ÿ10 S mÿ1 as a result of
its filling with CNTs. The most abrupt increase in the
conductivity (8 orders of magnitude, from 10ÿ9 up to
10ÿ1 S mÿ1) was observed upon increasing the CNT content
from 7 to 11%. The further increase in the filler content is
accompanied by a relatively smooth rise in the composite
conductivity which reaches the value of 3 S mÿ1 at the CNT
content of 36%.

The observed dependence of the composite conductivity
on the filler loading corresponds to the percolation behavior
of the system. The treatment of those dependences on the
basis of standard theoretical approaches has resulted in the
percolation threshold position pc � 8:4%. Such a high value
can be caused by a rather low content of nanotubes (at a level
of about several percent) in the soot produced as a result of
the thermal sputtering of graphite. An analysis of the
experimental data implies that the effective (averaged over
the volume) value of the carrier concentration below the
percolation threshold is about 1011 ± 1012 cmÿ3, while this
quantity reaches � 1017 cmÿ3 upon a filler loading exceeding
the percolation threshold.

Subsequent studies have shown that the electrical proper-
ties of polymer-based composites doped with CNTs depend
considerably not only on the sort of polymer and type and
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Figure 1. Change in the number of journal publications devoted to

investigations in the field of CNTs (gray bars) and CNT-based compo-

sites (white bars) [2].
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geometry of nanotubes (single-walled, multiwalled, aspect
ratio), but also on the procedure of preparation of the
composite. This is related to the high sensitivity of the
electrical properties of such materials to the degree of
homogeneity of the CNT distribution inside the polymer
matrix. This sensitivity is most clearly defined in the vicinity
of the percolation threshold. An inhomogeneous distribution
of nanotubes inside the polymer results in a notable spread in
values of the specific conductivity of the composite, as well as
in the position of the percolation threshold.

2.1 Results of measurements of the percolation
conductivity
Early publications concerned with investigations of the
electrical and mechanical properties of polymer-based com-
posites doped with CNTs have been reviewed in Refs [12, 13].
Table 1 presents the results of numerous experiments
addressing the measurement of electrical conductivity of
such composites. The table contains experimental data
collected in Ref. [12, 13] and supplemented with the results
published recently. The polymer matrices are presented in
alphabetical order in the table, which contains, along with the
designation of the polymer material, indications of the sort of
CNTs (single-walled, multiwalled), the method of their
production, the conditions of processing, the method of
inserting CNTs into the polymer matrix, the position of
percolation threshold pc, the power index t determining the
dependence of the conductivity from the excess of CNTs
loading over the percolation threshold (5), the maximum
value smax of the conductivity, and the relevant magnitude of
the CNT content.

It should be noted that the main parameter characterizing
the composite is the CNT content. Two various definitions of
this parameter are used: volumetric content p, and mass
content F. Due to the difference in the densities of polymers
(r � 1:2 ± 1:5 g cmÿ3) and CNTs (r � 2:2ÿ2:3 g cmÿ3), these
quantities are related by the formula F � 1:5p.

An analysis of the data presented in Table 1 permits
drawing the following inferences about the features of the
percolation behavior of polymer-based composites doped
with CNTs [11].

(1) The position of the percolation threshold and the
value of the maximum conductivity are very sensitive to
both the method of CNT processing and the conditions of
CNT preparation. Moreover, the quantities characterizing
the percolation threshold position and the maximum con-
ductivitymeasured in various laboratories for similar samples
produced by applying the same fabrication method can differ
considerably from each other.

(2) The percolation threshold pc of a composite depends
on the aspect ratio Z of nanotubes. In the case of the
homogeneous filling of a polymer matrix with nanotubes,
this dependence takes the form pc � 1=Z [6], which corre-
sponds to the mechanism of statistical percolation. In this
regard, the influence of the CNT structures on the percolation
characteristics of a composite is less prominent than the
influence of the polymer type and the CNT dispersion
method.

(3) Inserting nonentangled multiwalled CNTs into a
polymer matrix results in a considerably higher conductivity
(about 50-fold) than the same quantity of entangled ones.

(4) For the specific type of polymer matrix, the percola-
tion threshold position increases as the maximum conductiv-
ity goes up.

(5) If the conductivity of a composite is lower than that
following from the expression s � 500p 2:7 S mÿ1 (p is the
mass content of CNTs), the main mechanism of the electrical
conductivity is determined by electron tunneling through a
barrier formed by a polymer material in the gap between the
neighboring nanotubes.

(6) Experimental results with a high value of the percola-
tion threshold, pc � 1%, indicate an inhomogeneous distri-
bution of CNTs inside the composite, while lower values of pc
point to the clusterization of homogeneously dispersed
nanotubes (kinetic percolation).

(7) The power index t involved in expression (5), which
describes the percolation behavior of a composite, does not
depend on the geometric characteristics of CNTs or other
parameters characterizing the composite.

Below, the main physical features of the percolation
behavior of samples of polymer composites doped with
CNTs will be considered on the basis of analyses of several
experimental studies.

2.2 Percolation conductivity in an alternating field
As the electric field frequency increases, the role of percola-
tion contacts in the charge transport decreases. This is due to
the contribution from the reactive component of the
impedance to the charge transport. Conductive particles
inside the composite material play the role of capacitor
plates that charge and discharge periodically in an alternat-
ing field, providing the charge transfer effect. These phenom-
ena have manifested themselves in the experimental results
obtained by various authors.

The electrical properties of polyamide 6 (PA6) doped with
multiwalled CNTs were studied in detail in a set of publica-
tions [58, 185]. PA6 pellets doped with 20 wt.% CNTs were
used as the initial material. The diameter D of CNTs was
about 10 nm, and their length l exceeded 10 mm, which
corresponds to the aspect ratio of l=D � 1000. For the
preparation of samples with a lower content of CNTs, the
initial samples were melted and mixed with the necessary
quantity of the melted polymer PA6. The viscous fluid
obtained was moulded under pressure. The samples PA6/
MWCNT tobe studied had the formof platelets about 0.5mm
thick.

The electrical properties of the samples were determined
using the dielectric relaxation spectroscopy (DRS)method. In
doing so, the sample under investigation with deposited gold
electrodes was placed between capacitor plates and under-
went the action of an alternating electric field with the
frequency varied within the range of 10ÿ2ÿ106 Hz. This
permitted the measurement of the complex impedance of the
sample Z � � Z 0 ÿ iZ 00, on which basis the frequency depen-
dence of the complex permittivity e � � e 0 ÿ ie 00 was deter-
mined, using the well-known relation

e�o� � 1

ioZ ��o�C0
: �1�

Here, o � 2pf is the angular frequency of the electric field
alternation, f is the circular frequency, and C0 is the
equivalent capacity of the free space. The conductivity of a
sample in an alternating field is expressed in a standard
manner through the imaginary part of the complex permittiv-
ity e 00�o�:

s 0 � e0oe 00�o� ; �2�
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Table 1.Measurement data on the percolation threshold of CNT-doped polymer composites. The data relating to a specific polymer are arranged in order

of increasing the percolation threshold Fc. In the `Filler' column, the CNT preparation method is shown in parentheses. In the smax column, the weight

content of CNTs, corresponding to this maximum value of the conductivity, is given in parentheses. The t parameter defines the power dependence of the

conductivity on the CNT content according to Eqn (5). The `Treatment' column relates to the procedure of CNT preparation; the `Solution' and

`Dispersion' columns specify the procedure of composite preparation.

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

ASTAM SWNT
*

(HiPco)

HCl ì C4H9NO Sonication,
stirring

0.035 ì 10ÿ7 (0.08) [14]

EMMA Solution
stirring

10 (10) [15]

Rubber SWNT Ball milling 2 ë 3 1 (10) [16]

Naéon SWNT Solution
stirring

3:2� 103 (18) [17]

Epoxy MWNT
#

(CVD)

ì 200 ì Heating 0.0021 1.8 10ÿ3 (0.01) [18]

Epoxy MWNT
#

(CVD)

ì 340 ì Heating 0.0025 1.2 2 (1) [19]

Epoxy MWNT
#

(CVD)

ì 103 ì Heating 0.0025 ì 0.4 (0.5) [20]

Epoxy MWNT
#

(CVD)

ì 860 ì Heating 0.0039 1.7 2� 10ÿ4

(0.01)
[18]

Epoxy SWNT
*

(laser)

Puriéed 400 C6H8O Sonication 0.005 2.7 0.02
(0.1)

[21]

Epoxy SWNT
*

(HiPco)

Puriéed 150 C6H8O Sonication 0.009 3.1 10ÿ5

(0.04)
[22]

Epoxy SWNT
*

(laser)

Puriéed 400 C6H8O Sonication 0.01 1.6 5� 10ÿ3

(0.4)
[21]

Epoxy MWNT
*

(CVD)

ì 103 ì Heat
stirring

0.011 1.7 0.4 (1) [22]

Epoxy SWNT
*

(HiPco)

Puriéed 150 C6H8O Sonication 0.023 3.2 2� 10ÿ4

(0.2)
[21]

Epoxy MWNT
*

(CVD)

ì 103 ì Heat
stirring

0.024 1.7 0.3 (1) [21]

Epoxy MWNT
*

(CVD)

100 C2H6O Sonication,
stirring

0.03 ì 0.1 (0.15) [23]

Epoxy MWNT
*

(CVD)

103 ì Stirring,
calendering

0.03 ì 0.01 (0.3) [24]

Epoxy ®³¯´
*

(CVD)

HNO3,
centrifugation,

C3H6O

103 OP Sonication 0.034 1.7 0.1 (2) [25]

Epoxy SWNT
(arc)

ì ì C3H6O Sonication,
stirring

0.04 1.7 10 (4) [26]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

Epoxy SWNT
(CVD)

ì 103 ì Stirring,
calendering

0.04 ì 0.001 (0.4) [24]

Epoxy MWNT
*

(CVD)

H2O2/NH4OH,
centrifugation,

C3H6O

103 °² Sonication 0.042 1.8 1 (2) [25]

Epoxy SWNT
(CVD)

ì ì C2H6O,
NaOH

Sonication,
heating

0.05 ì 0.03 (0.5) [20]

Epoxy SWNT
*

(arc)

Heating,
oxidation,
chemical
treatment

5� 103 C2H6O Sonication,
vacuum pumping

0.074 1.3 10ÿ3 (0.2) [21]

Epoxy MWNT
*

(CVD)

ì 103 ì Stirring,
heating

0.08 2.0 0.04 (0.6) [22]

Epoxy SWNT
(CVD)

HCl ì H2O Stirring 0.08 ì 0.02 (0.4) [28]

Epoxy CNF Heating,
puriécation

(CH2Cl2, H2O)

300 ë 1000 Sonication,
stirring

0.1 1.8 10ÿ3 (2) [29]

Epoxy SWNT
*

(HiPco)

HCl ì ì Sonication 0.1 ì ì [30]

Epoxy MWNT
*

(CVD)

103 C3H6O Sonication 0.1 ì 0.2 (1) [31]

Epoxy MWNT 100 Stirring 0.1 1.8 0.01 (0.12) [32]

Epoxy DWNT
*

(CVD)

103 Stirring,
calendering

0.15 ì 0.01 (0.6) [24]

Epoxy SWNT
(CVD)

Milling,
heating

0.23 ì 10ÿ3 (0.5) [20]

Epoxy MWNT
*

(CVD)

NH2 func-
tionalization

ì ì Milling,
calendering

0.25 ì 10ÿ4 (0.4) [24]

Epoxy DWNT
*

(CVD)

NH2 func-
tionalization

ì ì Milling,
calendering

0.25 10ÿ4 (0.6) [24]

Epoxy MWNT
*

(CVD)

UV/O2 103 C3H6O Sonication 0.27 ì 0.02 (1) [31]

Epoxy SWNT
*

(HiPco)

ì ì ì PMMA removal,
resin inéltration

0.3 0.5 (3) [33]

Epoxy SWNT
(CVD)

ì ì C2H6O Sonication,
stirring

0.3 1.4 0.01 (2.5) [28]

Epoxy MWNT
*

(CVD)

ì 103 ì Stirring 0.4 ì 0.02 (1) [31]

Epoxy MWNT
*

(CVD)

ì ì ì Vacuum stirring,
calendering

<0.5 ì 0.03 (2) [31]

Epoxy MWNT
*

(CVD)

ì 400 CH4O Stirring 0.5 ì 5 (3) [34]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

Epoxy SWNT
*

(arc)

ì 103 ì Manual
stirring

0.6 0.01 (14) [35]

Epoxy MWNT
(CVD)

ì 100 C3H6O Stirring 0.6 2.9 0.005 (10) [36]

Epoxy MWNT
*

(CVD)

ì >500 CH4O Sonication,
hot calendering

0.7 ì 5 (4) [37]

Epoxy SWNT
*

(arc)

HNO3 ì C3H6O Sonication,
stirring

1 2.4 0.1 (7.5) [29]

Epoxy MWNT
(CVD)

ì 80 CH4O Stirring, éltration 1.5 ì 0.001 (3) [37]

Epoxy MWNT
*

(CVD)

HNO3 20 C3H6O Sonication,
stirring

3.5 ì 10ÿ5 (8) [38]

Epoxy CNT Solution
stirring

0.3 1.44 0.013 (2.5) [28]

Epoxy CNT Palm acid Stirring 0.05 ë 0.1 6:9�10ÿ3 (0.8) [39]

Epoxy SWNT Sonication 0.074 1.3 1:25� 10ÿ3

(0.21)
[27]

Epoxy MWNT Solution
stirring

0.5 0.5 (1.4) [40]

Epoxy SWNT/DWNT Solution
stirring

2.28 0.01 (0.4) [28]

Epoxy SWNT Solution
stirring

0.062 2.68 10 (15) [41]

Epoxy MWNT Rolling <0.1 50 (5) [42]

Epoxy MWNT Stirring 2:5�10ÿ7 (0.5) [43]

Epoxy MWNT
oxide

Solution
stirring

0.012 0.01 (1) [44]

Epoxy Solution
stirring

0.01 (1) [45]

Epoxy MWNT
(arc)

ì 100 ì Manual
stirring

4 ì 10ÿ3 (16) [38]

Epoxy MWNT
*

(CVD)

ì >20 C3H6O Sonication,
stirring

5 ì 2� 10ÿ5 (20) [46]

Epoxy MWNT
(CVD)

HNO3 20 C3H6O,
tergitol

Sonication,
stirring

5 ì 10ÿ5 (8) [38]

Epoxy MWNT
*

(CVD)

ì ì ì Stirring,
calendering

<0.5 ì 0.03 (2) [47]

Nylon-6 MWNT Melt stirring 2 ë 3 10ÿ3 (2) [48]

Nylon-6 MWNT Sodium
aminohexanoic

acid salt

0 ë 0.5 10ÿ2 (2) [49]

Nylon-6 MWNT Melt stirring 2 ë 2.5 0.1 (5) [49]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

Nylon-66 MWNT Melt stirring 0.5 ë 1 0.1 (5) [49]

Nylon-610
modiéed

MWNT Acylchloride Polymerization 6:1� 10ÿ10

(0.1)
[50]

P(BuA)/
Latex

SWNT
*

(arc)

PVA
functionaliza-

tion

ì H2O Sonication 0.27 ì 5 (1) [51]

P3HT MWNT
*

(CVD)

ì <100 CHCl3 Sonication,
CH4O coagulation

0.1 1.7 0.5 (20) [52]

P3HT MWNT Polymerization,
oxidation

0.36 (8) [53]

P3HT SWNT Solution stirring 2 1.5 10ÿ4 (30) [54]

P3HT MWNT Solution
stirring/moulding

10.6 70 (36) [55]

P3OT SWNT
*

(arc)

HCl,
centrifugation

100 CHCl3 Sonication 4 2.0 0.05 (35) [39]

P3OT SWNT
*

(arc)

ì 100 CHCl3 Sonication 11 2.0 0.001 (35) [56]

PA SWNT Pressing/moulding 102 (13) [57]

PA6 MWNT
(CVD)

ì 60 ì Liquid stirring,
pressing

2.5 8.4 0.1 (22) [58]

PA6 MWNT
*

(CVD)

ì < 103 H2O,
Na ëAHA

Sonication,
hot pressing

2.5 ì 0.03 (4) [48]

PA6 MWNT
*

(CVD)

ì ì ì Extrusion 7 ì 10 (16) [59]

PAN (nano-
particles)

MWNT
(oxidized)

Solution stirring,
chemical tailoring

2.9 (10) [60]

PANI SWNT
*

(HiPco)

ì ì ì Sonication 0.3 2.1 3000 (15) [61]

PANI SWNT
*

(HiPco)

ì ì C8H10 Sonication 0.3 2.1 300 (20) [62]

PANI SWNT
*

(laser)

ì ì C8H10 Sonication 0.3 2.1 300 (20) [55]

PANI MWNT ì 500 ì Stirring,
hot pressing

4 ì 1000 (80) [63]

PANI MWNT ì ì ì Polymerization 0.26 (10) [64]

PANI SWNT Electrochemical
polymerization

1:6� 10ÿ2 (8) [65]

PANI MWNT Polymerization 10 (50) [66]

PAT MWNT
#

(CVD)

HNO3, CCl3 >200 C6H12,
CHCl3

Sonication 12 2.6 50 (35) [55]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PBT SWNT
*

(HiPco)

Oxidation ì ì Sonication,
extrusion

0.2 ì 10ÿ8 (0.2) [63]

PC SWNT
*

(HiPco)

PEE func-
tionalization

ì CHCl3 Sonication,
stirring

0.1 2.8 500 (7) [67]

PC MWNT ì 150 ì ì 0.1 10 (5) [68]

PC SWNT
*

(HiPco)

ì ì ì Extrusion 0.3 ì 0.1 (1) [69]

PC SWNT
*

(arc)

ì ì C6H8O, CHCl3,
C2H6O

Sonication,
éltration,

hot pressing

0.5 ì 30 (17) [70]

PC SWNT
*

(HiPco)

ì ì C6H8O, CHCl3,
C2H6O

Sonication,
éltration,

hot pressing

0.5 ì 10 (1) [70]

PC SWNT
*

(HiPco)

ì ì ì Extrusion 0.5 3.8 0.1 (2) [70]

PC MWNT
*

(CVD)

ì 103 ì Extrusion 1 3.8 5 (3) [71]

PC MWNT
*

(CVD)

>100 ì Extrusion 1.44 2.1 2 (5) [72]

PC SWNT
*

(arc)

ì ì ì Extrusion 1.9 ì 0.1 (10) [70]

PC SWNT
*

(arc)

ì ì CHCl3 Sonication,
extrusion

1.9 ì 0.1 (4) [70]

PC SWNT
*

(arc)

ì ì ì Extrusion 2.5 ì 0.1 (7) [70]

PC MWNT
*

(CVD)

HCl 103 ì Extrusion 5 ì 10ÿ4 (15) [73]

PC MWNT
*

(CVD)

ì >100 ì Extrusion 1 ë 2 ì 10 (15) [74]

PC SWNT
*

(HiPco)

Annealing,
SOCl2,

centrifugation

ì ì Extrusion ì ì 0.1 (1) [47]

PC SWNT
*

(arc)

Annealing,
SOCl2,

centrifugation

ì ì Extrusion >5 ì 0.1 (7) [69]

PC MWNT Melt stirring 1 ë 1.5 103 (15) [75]

PC MWNT Melt stirring 1.5 10ÿ1 (15) [76]

PC SWNT
MWNT

Melt stirring 0.25 ë 0.5
1.5

10ÿ2

10 (5)
[77]

PC MWNT Extrusion <2 100 (15) [78]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PC MWNT with
P3HT-g-PCL

64 (5) [79]

PCL SWNT
*

(HiPco)

Puriécation ì C7H8,
ADA

Sonication 0.09 1.5 10ÿ3 (3) [80]

PCL MWNT
(CVD)

ì 103 ì Sonication,
stirring

1.5 ì 10 (7) [81]

PCL MWNT
*

(CVD)

HNO3,
éltration

103 ì Sonication,
stirring

4 ì 1 (7) [81]

PDMS SWNT Solution
stirring

100 (1.2) [82]

PDMS MWNT Sonication 1.5 0.02 (2.5) [83]

PE
(UHMW)

MWNT
#

(CVD)

ì 100 H2O,
SDS

Sonication,
dry stirring,
hot pressing

0.045 2.6 50 (1) [84]

PE
(UHMW)

MWNT
(CVD)

NaOH, HCl >100 ì Sonication,
hot pressing

0.07 2.1 0.01 (0.7) [85]

PE
(UHMW)

SWNT
*

(arc)

ì ì C6H8O Sonication,
dry stirring,
hot pressing

0.19 2.7 100 (1) [86]

PE
(UHMW)

MWNT
(CVD)

NaOH, HCl >100 ì Stirring 0.14 1.8 0.1 (0.7) [85]

PE
(UHMW)

MWNT
#

(CVD)

ì 100 C6H8O Sonication,
dry stirring,
hot pressing

0.19 2.7 100 (1) [84]

PE
(UHMW)

SWNT
*

(arc)

ì ì C6H8O Sonication,
dry stirring,
hot pressing

0.25 2.2 0.5 (3) [84]

PE
(UHMW)

MWNT
#

(CVD)

ì 5� 103 Dry stirring,
hot pressing

0.28 2.7 10 (1) [84]

PE
(UHMW)

SWNT
*

(arc)

ì ì ì Dry stirring,
hot pressing

0.6 2.2 0.005 (3) [84]

PE
(UHMW)

SWNT
*

(arc)

ì ì ì Dry stirring,
hot pressing

1.1 2.3 0.5 (30) [84]

PE
(UHMW)

SWNT
*

(arc)

ì ì ì Dry stirring,
hot pressing

1.2 2.2 0.005 (3) [84]

PE
(UHMW)

MWNT ì ì ì Solution
stirring

0.6 (15) [86]

PE
(UHMW)

MWNT ì ì ì Solution
stirring

0.5 [15]

PE
(UHMW)

MWNT ì ì ì Solution
stirring

3 1.9 6 (15) [87]

PE
(UHMW)

MWNT ì ì ì Solution
stirring

10.7 (10) [88]

PE
(UHMW/
LMW=1:1)

MWNT ì ì ì Solution
stirring

1.5 (10) [88]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PE
(UHMW/
LMW=1:2)

MWNT ì ì ì Solution
stirring

0.7 (10) [88]

PE
(UHMW/
LMW=6:1)

MWNT ì ì ì Solution
stirring

0.1 (10) [15]

PE(LD) MWNT
*

(CVD)

HCl, HNO3,
centrifugation

< 103 ì Milling,
hot pressing

2 ì 3 (10) [89]

PE(HD) SWNT
*

(HiPco)

Puriécation ì H2O, SDS Centrifugation,
sonication,
extrusion

4 ì 0.5 (6) [90]

PE(HD) SWNT Solution
crystallization

0.13 70 (8) [91]

PE(MD) MWNT
(CVD)

HCl >100 ì Extrusion 7.5 ì 0.01 (10) [92]

PE(LD) MWNT
*

(CVD)

ì 100 C8H10 Sonication,
liquid stirring

15 ì 5� 10ÿ6 (30) [93]

PEI SWNT Solution stirring,
coagulation

2� 104 (75) [94]

PEMA SWNT Polymerization 3 0.4 (23) [95]

Polyether
imide

MWNT Ball milling 1 ë 2 2� 10ÿ3 (10) [96]

Polyimide-
sodium
salts

SWNT Polymerization 1 (10) [97]

PEO MWNT
(CVD)

ì < 103 H2O, GA Sonication,
stirring

0.45 1.3 [98]

PEO MWNT
(CVD)

HNO3 ì C3H8O Stirring 15 ë 50 ì 700 (50) [99]

PEO SWNT Solution

stirring

0.24 0.03 (0.5) [100]

PET SWNT
*

(arc)

ì 103 ì Extrusion,
hat pressing

0.7 ì 10ÿ2 (2) [101]

PET MWNT
*

(CVD)

HCl 103 ODCB-C6H6O Sonication 0.9 2.2 0.03 (9) [102]

PET SWNT ì Melting 4 2 10ÿ4 (5) [101]

PET SWNT Melt
stirring

0.024 1 (3) [103]

PETI MWNT Ball milling 4� 10ÿ3 (15) [104]

PFA MWNT
(CVD)

Annealing <30 ì Sonication,
stirring

8 ì 10 (15) [105]

PI SWNT
*

(laser)

ì >300 C3H8O Sonication,
stirring

0.05 1.5 10ÿ4 (1) [106]

PI MWNT
*

(CVD)

ì ì C4H9NO Sonication,
stirring

0.3 1.6 10 (7.4) [107]

PI MWNT Polymerization 0.27 1.56 10 (6.7) [107]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc,
wt.%

t smax,
S mÿ1 (F)

References

PI MWNT Solution stirring 0.5 10 (3) [108]

PI(LMW) SWNT Solution stirring <0.1 2:9� 10ÿ8 (1) [109]

PI(HMW) SWNT Solution stirring <0.5 1:6� 10ÿ6 (1) [109]

PI MWNT Solution stirring 2:4� 10ÿ3 (7) [110]

PI MWNT Acid 3:8� 10ÿ6 (7) [110]

PI MWNT Ammonia 5:8� 10ÿ6 (7) [110]

PI MWNT
(CVD)

H2SO4, HNO3,
centrifugation

100 C4H9NO Sonication 9.5 ì 0.002 (12) [111]

PLLA MWNT Solution stirring 13.5 0.4 (20) [112]

PLLA/PCL
(30:70)

MWNT
oxide

Melt stirring 1 10ÿ5 (3) [113]

PMMA MWNT
#

(CVD)

ì ì C8H18O4 Stirring 0.084 1.8 200 (1.5) [114]

PMMA MWNT ì 103 C2HF3O2 Sonication 0.12 ì 0.8 (1.5) [115]

PMMA SWNT
*

(HiPco)

SOCl2 ì CHCl3 Stirring 0.17 2.2 104 (10) [116]

PMMA SWNT
*

(HiPco)

ì ì CHCl3 Stirring 0.17 1.3 2000 (10) [116]

PMMA MWNT
*

(CVD)

ì ì C7H8 Sonication,
stirring

[117]

PMMA SWNT
*

(arc)

ì ì C7H8 Sonication 0.33 2.1 50 (8) [118]

PMMA SWNT
*

(HiPco)

HCl, CH4O,
annealing

45 C6H8O Sonication,
H2O,

hot pressing

0.37 ì 0.05 (2) [119]

PMMA SWNT
*

(HiPco)

HCl ì C6H8O Sonication,
H2O,

hot pressing

0.39 2.3 0.001 (2) [120]

PMMA SWNT
*

(arc)

HNO3 > 103 C6H8O Sonication,
hot pressing

0.5 ì 0.1 (7),
parallel

[121]

PMMA SWNT
*

(arc)

HNO3 > 103 C6H8O Sonication,
hot pressing

0.5 ì 10ÿ5 (7),
perpendicular

[122]

PMMA MWNT C6H8O,
C2HF3O2,

centrifugation

100 C6H8O,
C2HF3O2

Sonication 0.65 ì 0.08 (1.5) [115]

PMMA SWNT
*

(arc)

ì ì H2O, SDS Sonication,
centrifugation,
hot pressing

0.7 2.0 0.1 (1.5) [122]

PMMA SWNT
*

(HiPco)

HCl, CH4O,
annealing

ì C6H8O Sonication,
H2O,

hot pressing

1.3 ì 0.01 (2) [123]

PMMA SWNT
*

(HiPco)

SOCl2 ì CHCl3 Sonication,
hot pressing

<0.1 ì 50 (0.5) [124]

March 2015 Electrical characteristics of carbon nanotube-doped composites 219



Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PMMA MWNT ì ì ì Stirring 10ÿ3 0.5 (16) [125]

PMMA MWNT ì ì ì Solution stirring 0.003 2.2 3000 (0.4) [126]

PMMA SWNT ì Solution stirring 0.003 1000 (0.3) [127]

PMMA SWNT ì ì ì Solution stirring 0.429 2.1 50 (10.4) [128]

PMMA MWNT ì ì ë Electrospinning 0.053 (2) [129]

PMMA MWNT ar-
ray

ì ì ì Drop moulding 1250 [130]

PmPV MWNT
*

(arc)

ì ì C7H8 Sonication 0.06 1.4 10ÿ5 (4) [131]

PmPV MWNT
*

(arc)

ì >25 C7H8 Sonication 7.5 ì 0.002 (35) [132]

PmPV MWNT
*

(arc)

ì ì C7H8 Sonication 8 ì 3 (36) [12]

PmPV MWNT Solution stirring 0.01 (0.35) [132]

PmPV CNT Solution stirring 8.4 3 (10) [133]

PP MWNT
#

(CVD)

ì 103 ì Extrusion 0.07 ì ì [134]

PP MWNT
(CVD)

ì ì ì Sonication,
extrusion

0.4 ì 0.1 (0.07) [135]

PP MWNT ì ì ì Extrusion,
hot pressing

0.44 ì 2 (9) [136]

PP MWNT
*

(CVD)

H2SO4, HNO3,
éltration

103 ì Extrusion,
hot pressing

1.5 ì 0.2 (5) [137]

PP MWNT
(CVD)

HF, HCl ì ì Extrusion,
hot pressing

2 ì 0.5 (10) [138]

PP SWNT ì ì ì Hot pressing 5.25 8 (10.4) [57]

PP MWNT ì ì ì Stirring 1.1 4.6 (10.7) [139]

PP MWNT ì ì ì Extrusion,
hot pressing

2.62 ì 10ÿ4 (2.5) [136]

PP MWNT ì ì ì Injection, moulding 3.8 3.8 180 (12) [2]

PPS MWNT Stirring,
powder pressing

0.4 3.55 103 (5.4) [140]

PPV SWNT
*

(laser)

ì ì ì Sonication 1.8 2.0 1000 (64) [141]

PPy CNT Polymerization 1:6� 103 (50) [142]

PPy CNT Polymerization with
oxidation

2:3� 103 (25) [143]

PPy MWNT Microemulsion 40 (30) [144]

PPy MWNT Polymerization with
oxidation

390 (3) [145]

PS SWNT
*

(HiPco)

PEE functiona-
lization

ì CHCl3 Sonication,
stirring

0.05 1.5 7 (7) [67]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PS MWNT
*

(CVD)

ì <60 C6H8O Sonication, stirring 0.16 ì ì [146]

PS SWNT
*

(arc)

Annealing ì C6H4Cl2 Sonication
stirring

0.27 2.0 0.001 (1) [147]

PS SWNT Solution,
stirring

0.3 ì 1 (1.5) [148]

PS SWNT
with PMPV
covering

Solution
stirring

0.17 2 2� 10ÿ7 (1.5) [149]

PS SWNT Solution stirring 0.1 2 0.45 [150]

PS MWNT
array

Drop moulding 1330 [130]

PS SWNT
*

(arc)

ì ì H2O, SDS Sonication,
centrifugation,
hot pressing

0.28 1.6 1 (1.5) [122]

PS SWNT
*

(arc)

ì ì C6H4Cl2 Sonication,
stirring

0.44 3.6 3� 10ÿ6 (2) [147]

PS MWNT
#

(CVD)

ì 103 ì Extrusion 0.45 ì ì [134]

PS MWNT
*

(CVD)

HNO3, HCl ì ì Sonication 0.8 ì 0.02 (2) [89]

PS SWNT
*

(arc)

ì ì H2O, GA Sonication,
centrifugation,
hot pressing

ì ì 10ÿ6 (3) [151]

PS MWNT
*

(arc)

C3H6O,
éltration

ì C7H8 Sonication,
hot pressing

<12 ì 104 (25) [152]

PS MWNT
*

(arc)

C3H6O,
éltration

ì C7H8 Sonication,
hot pressing

<12 ì 300 (25) [153]

PS ë latex SWNT
*

HF,
éltration

2000 H2O, AIBN,
C5H8, SDBS

Sonication, stirring 0.2 7.3 10ÿ4 (3) [154]

PS ë latex SWNT
*

HF,
éltration

2000 H2O, AIBN,
C5H8, SDBS

Sonication, stirring 0.2 7.6 5� 10ÿ5 (3) [154]

PS ë latex MWNT
*

(CVD)

HNO3 >100 H2O, SDBS Sonication 0.36 1.7 10 (6) [155]

PS ë latex MWNT
*

(CVD)

HNO3 >100 H2O, SDBS Sonication,
cold drying,
hot pressing

0.9 3.9 0.1 (6) [155]

PS ë latex SWNT
*

(arc)

ì 103 H2O, SDS Sonication,
centrifugation,
hot pressing

1.5 4.9 0.005 (5) [155]

PS ë latex MWNT
(CVD)

ì ì H2O, SDBS Sonication,
centrifugation,

stirring

2.5 ì 10 (15) [156]

PS-b-EB-bS MWNT Melt stirring 1.25 ë 2.5 516 (15) [157]

PTh SWNT Oxidation, chemical
polymerization

41 (50) [158]

PU MWNT
*

(CVD)

Oxidation 103 MEK, BKC Sonication,
stirring, pressing

0.018 1.5 8 (8) [159]
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Table 1. (continued)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

PU MWNT ì >100 C4H8O Stirring 1 3.1 200 (15) [160]

PU MWNT Stirring/casting 0.1 (5) [161]

PU MWNT Polymerization 30 (3) [162]

PUF MWNT Crushing,
sonication,

H2O2

Stirring,
moulding

0.01 ì 2.5 (0.03) [163]

PVA MWNT
#

H2SO4, HNO3,
éltration

ì C4H8O Sonication,
stirring,

electrospinning

0.2 ì 10 (5) [164]

PVA MWNT
*

(CVD)

H2SO4, HNO3,
éltration

ì H2O Stirring <10 ì 100 (60) [165]

PVA MWNT Solution stirring 0.72 2.7 0.27 (22) [166]

PVAc SWNT GA Emulsion stirring 0.04 20 (4) [167]

PVAc MWNT Melt stirring 2:9� 10ÿ6 (5) [168]

PVAë latex SWNT
*

(HiPco)

ì ì H2O, GA Sonication,
stirring,
éltration

0.038 1.9 100 (4) [167]

PVC MWNT
(CVD)

ì 103 ì Sonication,
crushing,

hot pressing

0.094 3.3 0.01 (1.4) [169]

PVDF SWNT H2SO4 > 103 C6H8O Spinning 0.02 ì 3� 10ÿ4 (0.05) [170]

PVDF MWNT Triêuorophenyl Solution stirring 0.144 1.54 0.01 (0.32) [171]

PVDF MWNT ì ì C6H8O Sonication,
hot pressing

3.2 0.9 2� 10ÿ4 (4) [172]

SBA MWNT Suspension stirring 20 (5.4) [173]

SBR MWNT Moulding 0.25 ë0.50 200 (12) [174]

SE MWNT/
SWNT
mixture

Stirring,
milling

3.6 (3.8) [175]

SE CNT
mat

Spin coating 4� 10ÿ4 (0.4) [176]

SE MWNT Octenyltrichlo-
rosilane func-
tionalization

Stirring <2 10 (5) [177]

SIBS SWNT Stirring,
moulding

850 (0.3) [178]

SPPA MWNT ì ì ì Sonication 3.5 ì 0.2 (20) [179]

UPR MWNT
*

(CVD)

160 Annealing 0.026 2.5 0.13 (0.3) [180]

UPR MWNT
(CVD)

Annealing ì ì Sonication,
magnet

<1 ì 0.1 (1),
parallel

[181]

UPR MWNT
(CVD)

Annealing Sonication,
magnet

<1 ì 0.005 (1) [181]

VE MWNT
(CVD)

NaOH, HCl,
K2MnO4

ì ì Sonication,
stirring

<0.5 ì 0.04 (2) [182]
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where e0 � 8:85� 10ÿ12 F mÿ1 is the dielectric constant of a
free space. Along with the notions of complex conductivity
and permittivity, the notion of the electrical modulus (M �) is
used, being expressed through e � in the following manner:

M � �M 0 � iM 00 � 1

e �
� e 0

e 0 2 � e 00 2
� i

e 00

e 0 2 � e 00 2
: �3�

The results of measuring the electrical characteristics of
PA/MWCNT composites of various contents are given in
Fig. 2 [58, 185]. Panel 2a in this figure presents the frequency
dependences of the conductivity sac of samples that have been
obtained on the basis of processing the experimental data
according to expressions (1) and (2). The frequency range
where the conductivity does not depend on the frequency
corresponds to the electrostatic field conductivity. The
frequency dependence of the electrical conductivity is usually
represented as

s 0�o� � s�0� � sac�o� � sdc � Ao s ; �4�

where sdc is the electrostatic field conductivity of a material,
and A and s are the fitting parameters.

Table 2 presents the parameters in expression (4), which
were obtained on the basis of processing the data collected in
Fig. 2. Here, the critical frequency fc corresponds to the
passage of the conductivity from the electrostatic field value
to a growing frequency dependence. As is seen from the data
presented in Fig. 2 and Table 2, increasing the CNT content in
a sample results in an increase of both the absolutemagnitude
of the conductivity and the value of fc corresponding to the
passage from the electrostatic field value of conductivity to a
frequency-dependent function.

Figure 2b plots the dependence of the electrostatic
field conductivity �sdc � s 0�o! 0�� of nanocomposite
PA6=MWCNT on the volumetric content of CNTs retrieved
on the basis of measurements by the dielectric relaxation
spectroscopy (DRS) method [58]. This dependence is

expressed quite well by the following relation [7±10]:

sdc�p� � s0�pÿ pc�t ; �5�

where the power index t � 8:4� 0:4 considerably exceeds the
value of t � 2:0, which follows from the statistical theory of
percolation [7±10]. A similar result has also been reported in
some other publications (t � 8 for the polyehylene-polyox-
ymethylene composite doped with iron articles [186], and
t � 6:27 for the polyethylene-graphite composite [187]). The
deviation of the power index entering into dependence (5)
from the value of t � 2:0 inherent in the above-mentioned
composites points to a more complex character of charge
transfer in these materials. Specifically, if the direct contact
between neighboring conducting particles of the filler is
absent, the electrical conductivity can be provided due to
tunneling of charge carriers from one particle to the other
[188, 189]. In this case, the interparticle distance is character-
ized by a considerable spread, so that expression (5) loses its
universal character and the parameter t is no more a unique
characteristic of the composites under consideration.

Table 1. (completed)

Polymer Filler Treatment l=D Solution Dispersion Fc, wt.% t smax,
S mÿ1 (F)

References

VMQ MWNT APTS
functionalization

500 ì Hot pressing 2.4 2.9 4� 10ÿ4 (5) [183]

WBPU MWNT HNO3 Stirring,
moulding

0.08 (1.5) [184]

Notations: SWNTÐsingle-walled carbon nanotubes; MWNTÐmultiwalled carbon nanotubes; DWNTÐdouble-walled carbon nanotubes;

CNFÐcarbon nanofibers; ADAÐaminododecane acid; AHAÐaminohexanvic acid; AIBNÐazoisobuthyronytrile; APTSÐaminipropyl-

triethoxy silane; ASTAAÐalkoxysilane-terminated amide acid; BKCÐbenzalkonium chloride; EMMAÐpoly-ethyl-methylmetacrilate; GAÐ

gummiarabic; MEKÐmethylethylketone; OPÐpolyoxyethylene octil phenyl ether; P3HTÐpoly-3-hexylthiophen; P3OTÐpoly-3-okthylthio-

phene; PA-6Ðpolyamide-6; PANÐpolyacrilonitrile; PANIÐpolyaniline; PARMAXÐpoly(benzoil1-1,4-phenylene)-co-(1,3-phenylene); PATÐ

polyhexadecyl thiophene; PBTÐpolybuthylene terephtalate; P(BuA)Ðpolybuthyle acrylate; PCÐpolycarbonate; PCLÐpolycaprolactone;

PDMSÐpolydimethylsiloxane; PEÐpolyethylene; PE(UHMW)Ðultra-high molecular weight polyethylene; PE(LMW)Ð low molecular weight

polyethylene; PE(LD)Ð low-density polyethylene; PE(MD)Ðmedium-density polyethylene; PE(HD)Ðhigh-density polyethylene; PPEÐpoly-

phenylene ether; PEIÐpoly(ethyleneimine); PEMAÐpoly(ethyl methacrylate); PEOÐpolyethylene oxide; PETÐpolyethylene tetraphthalate;

PETIÐphenylethynyl-terminated imide; PFAÐpolyfurfuryl alcohol; PIÐpolyimide; PLLAÐpoly(l-lactic) acid; PMMAÐpolymethylmethacry-

late; PmPVÐpoly-m-phenylene vinylene; PPÐpolypropylene; PPSÐpolyphenylene sulphide; PPVÐpolyparaphenylene vinylene; PPyÐ

polypyrrole; PSÐpolystyrene; PS-b-EB-bSÐpoly(styrene-b-ethylene-co-buthylene)-b-styrene; PThÐpolythiophene; PUÐpolyurethane;

PUFÐpolyurethane foam; PVAÐpolyvinylacetate; PVCÐpolyvinylchloride; PVDFÐpoly(vinylene difluoride); SEÐ silicon elastomer;

SBAÐpolystyrobuthylacrylate; SBRÐstyrene-butadiene rubber; SDBSÐsodium dodecylbenzosulphonate; SDSÐsodium dodecylsulphate;

SIBSÐpoly(styrene-b-isobuthylene-b-styrene); SPPAÐsulpho-poly-phenylacethylene; UPRÐunsaturated polyesther resin; VEÐvinylesther;

VMQÐmethyl-vinyl-silicon rubber; WBPUÐwaterborne polyurethane; *Ðnanotubes are entangled; #Ðnanotubes are not entangled; CVD ì
chemical vapor deposition, and HiPco ì CNT production by high-pressure thermocatalytic CO decomposition.

Table. 2. Values of conductivity sdc, critical frequency fc, and power

index s retrieved according to Eqn (4) from the measurement data for

PA6=MWCNT samples of various compositions [58, 185].

Sample sdc, S mÿ1 fc, Hz s

²¡/5 wt.% CNT 9:69� 10ÿ10 0.42 0.73

²¡/6.25 wt.% CNT 4:16� 10ÿ8 16.52 0.68

²¡/7.5 wt.% CNT 9=42� 10ÿ8 38.87 0.68

²¡/8.75 wt.% CNT 1:53� 10ÿ6 412.95 0.68

²¡/10.0 wt.% CNT 1:1� 10ÿ5 3519.00 0.68

²¡/20.0 wt.% CNT 1:34� 10ÿ4 ì ì
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The absence of an electrical contact between CNTs in the
PA6/MWCNT composite is explained by the formation of a
thin polymer layer covering the nanotubes [185]. Therefore,
the results of experiments [58, 185] imply the necessity of the
construction of the percolation model taking into account a
possible tunneling of electrons from one particle to another.
The problem of describing the percolation conductivity of
composites in the absence of direct surface contact between
conducting particles is considered below in sections of the
article.

According to the classical percolation model [190, 191],
the dependence of the critical frequency fc on the content of

the conducting filler in a composite is described by an
expression similar to the above-considered expression (5)
proceeded from the assumption of the percolation behavior
of the conductivity:

fc�p� � �pÿ pc�n : �6�

Here, n is the power index equal to 3.1, as follows from the
classical percolation theory [191]. Figure 2c compares the
experimental results [58, 185] with the analytical dependence
(6). The best fitting is achieved at the following values of the
parameters: n � 8:0� 0:4 and pc � 1:7� 0:1 vol.%. As is
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Figure 2. Results of measuring the electrical properties of samples of CNT- and CNF-doped composites of various compositions at room temperature:

(a) frequency dependences of the conductivity of a CNT-doped composite on the basis of polyamide (PA) [58]; dependence (4) retrieved for the

PA=10:0 wt.%CNT sample is shown by the solid line; (b) the dependence of the conductivity of PA6/MWCNT composite from the volumetrical content

of CNTs. The inset displays the same dependence in log-log coordinates, permitting the determination of the power index t � 8:4 in the percolation

expression (5) and the percolation threshold position pc � 1:7 vol.% [58]; (c) the dependence of the critical frequency fc on CNT volume loading (p) [58].

The inset presents the same dependence in relative units p=pc. The straight line corresponds to Eqn (6) with the fitting parameters n � 8:0 and

pc � 1:7 vol.% providing the best agreement between the experimental data and expression (6); (d) the dependence of the conductivity of the

PA6=MWCNT composite on the CNT weight loading represented in log-log coordinates according to Eqn (8) [58]; (e) the frequency dependence of the

conductivity of CNF-doped epoxy-based composites of various compositions:& pure resin;* 0.1%CNF; (~) 0.5%CNF, (!) 0.6%CNF, (^) 1%CNF,

(3) 2% CNF, (") 2.25% CNF, and (�) 2.5% CNF [29]; (f) the dependence of the DC conductivity of CNF-doped epoxy-based composites on CNT

loading [29].
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seen in this case, the power index n also considerably deviates
from that corresponding to the percolation theory. Such a
deviation again indicates the more complicatedmechanism of
the percolation conductivity, including possible electron
tunneling.

Along with CNTs, carbon nanofibers (CNFs) are also
utilized as a filler for polymer materials. Their structure
somewhat differs from that of CNTs; nonetheless, these two
objects are similar to each other in relation to such physical
characteristics as thermal conductivity, electrical conductiv-
ity, and chemical and thermal stabilities. The behavior of
composites on the basis of epoxy resin doped with CNFs has
been studied in Ref. [29]. CNFs between 100 and 200 nm in
diameter and between 30 and 100 mm in length were subjected
to thermal processing at a temperature up to 3000 �C. In order
to remove contaminations, CNF samples were kept in
dichloromethane CH2Cl2 for 5 days at 35 �C, washed in
deionized water, and then repeatedly treated in CH2Cl2 for
24 hours. After drying, the CNF samples were stored in
anhydrous conditions.

To prepare samples of the desired composition, a
suspension of CNFs in dimethylacetamide (DMAc) was
ultrasonicated and stirred for an hour and then epoxy resin
was put into it. The mixture obtained was ultrasonicated and
stirred again for 3 hours. Then, the solution was kept in a
vacuum at 80 �C in order to remove DMAc. The liquid
produced was poured out into different moulds for further
studies. Before carrying out the studies, the samples were heat
treated for 2 hours at 125 �C, and then for 2 hours at 177 �C.
The content of CNFs in the samples was varied from 0 to
2 wt.%.

The electrical conductivity and permittivity of the
composite samples were measured within the frequency
range of 10ÿ2ÿ107 Hz. The composite samples measuring
1:5� 1:5 cm2 were covered with a thin layer (100 nm thick) of
silver to ensure good electrical contact between the electrodes
and the sample. The silver electrodes had a circular form
0.5 cm in diameter. The data obtained for 3±4 samples were
averaged. For each frequency, the capacity Cp of the sample
was measured, which permitted the determination of the
dielectric constant according to the trivial relationship
e � Cpt=�Ae0�, where t � 0:5 mm is the thickness of the
sample, A is the area of the electrode, and e0 �
8:85� 10ÿ12 Fmÿ1 is the permittivity of a vacuum.

The frequency dependences of the electrical conductivity
of epoxy resin composites with various contents of CNFs are
plotted in Fig. 2e. As is seen, this dependence has a linear
shape for a pure polymer, which is typical for nonconducting
materials. For composites filled with CNFs, the conductivity
does not depend on the frequency at low frequencies;
however, upon exceeding a critical frequency value, it starts
increasing with frequency. Enhancement of this critical value,
as the content of the CNF filler rises, is representative of a
typical behavior of a reactive resistance in an alternating
electric field.

Figure 2f depicts the direct current conductivity of
composites as a function of the volumetric content of CNFs.
This dependence was obtained on the basis of processing the
data collected in Fig. 2e [29]. As is seen, the addition of
0.1 wt.% CNFs results in enhancement of the composite
conductivity by four orders of magnitude, which is a
characteristic feature of the percolation transition. Upon
reaching a content of 1 wt.% of the filler, the conductivity of
the composite is ten orders of magnitude higher than that for

a pure polymer. Further increasing of the filler content barely
changes the conductivity, which indicates the formation of a
ramified conducting network. The magnitude of the power
index t involved in the dependence of the conductivity on
loading the filler, s � �pÿ pc�t, was determined on the basis
of the measurement results, amounting to t � 1:83.

2.3 Dependence of the percolation threshold
on the aspect ratio
It is clear intuitively that in a composite based on a non-
conducting polymer filled with conducting particles of an
elongated structure, the position of the percolation threshold
depends on the aspect ratio (ratio of the length to the
diameter) of those particles. Indeed, if the length of a
conducting particle is on the order of the sample size, even
one such particle is sufficient to make the sample conductive.
This conclusion is confirmed by the results of an analysis
[192±194] performed on the basis of the classical percolation
theory. According to the above-cited studies, the position of
the percolation threshold in a composite filled with high-
aspect-ratio particles, l=D4 1, is expressed by the following
relation

Fc � 1ÿ exp

�
ÿ 1:4�p=4�D 2l� �p=6�D 3

�4p=3�D 3 � 2pD 2l� �p=2�Dl 2

�
: �7�

As is seen, the exponent in formula (7) is much lower than
unity at a high aspect ratio, l=D4 1, which permits represent-
ing this relation in a considerably more simple form

l

D
Fc � 0:7 ; �7a�

which results in the above-noted inversely proportional
dependence of the percolation threshold position on the
aspect ratio of conducting particles [6]. Such a dependence
offers the prospects for using CNTs as a conductive filler for
polymer-based composites.

Equation (7) can be applied to estimate the aspect ratio of
nanotubes using the measurement data on the percolation
threshold position. Thus, according to expression (7), the
value of pc � 1:7 vol.% observed in experiments [58, 185]
corresponds to the aspect ratio l=D of nanotubes equal
approximately to 40. This magnitude is substantially lower
than the relevant initial value of l=D�1000 estimated on the
basis of observations performed by means of a tunneling
electron microscope (TEM). One can suppose that such a
discrepancy is caused by decreasing the aspect ratio of
particles during the preparation of samples. Such decreasing
can be evolved from forming the bundles of CNTs, resulting
in an increase in the effective diameter of conducting particles,
or from shortening the CNTs. The authors of Refs [58, 185]
prefer to accept the second reason, taking into account the
results of TEM observations. Indeed, the TEM findings
indicate the emergence of CNTs about 500 nm in length in
the sample, which were not observed in the initial sample.
Therefore, the procedure of preparing composite samples
based on pressure moulding is accompanied by about a
20-fold shortening of the nanotube length, which results in the
production of a composite with a rather high percolation
threshold position amounting to pc � 1:7 vol.%.

2.4 Contact resistance
As may be seen from the measurement results presented in
Fig. 2b and in Table 2, the maximum magnitude of the
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electrical conductivity of samples studied does not exceed
0.1 S mÿ1. This value is several orders of magnitude lower
than the measured conductivity of multiwalled nanotubes,
which amounts to � 104 S mÿ1 [3, 195, 196]. Meanwhile, one
would expect that at a quite high content of a conductive filler
(on the level of several dozen percent), the composite
conductivity would approach that of the additive. One of
the reasons for this discrepancy is a rather high value of the
resistance of the surface contact between adjacent nanotubes.

The model describing the influence of the contact
resistance on the conductivity of a composite filled with
elongated conducting particles has been developed by
Kovacs et al. [22]. The authors considered a composite
added with statistically homogeneously distributed hard
conducting cylinders, r in radius and l in length. According
to the calculations performed within the framework of this
model, the dependence of the material conductivity on the
mass content F of the filler upon loading far from the
percolation threshold is expressed by the following relation

s � l

2pr 2
F 2w�1

R� Rc
; �8�

where R is the resistivity of a particle, Rc is the resistance of
the contact between neighboring particles, and w is an
empirical parameter. Under conditions of a bad contact
(R5Rc), the composite conductivity is obviously deter-
mined by the contact resistance and barely depends on the
additive resistance R. Processing the results of measurements
of the conductivity for samples of various compositions
permits the determination of Rc in conditions when the
contact resistance considerably exceeds that of individual
nanotubes. Figure 2d presents the results of such processing.
Taking into consideration the values of r � 5 nm and
l � 500 nm, we obtain Rc � 105 O. This quantity exceeds
the typical resistance of an individual CNT by 1±2 orders of
magnitude and is of the same order as the resistance of
composites based on polycarbonate and epoxy resin filled
with multiwalled CNTs [22].

It should be emphasized that the above values of the
contact resistance determined from processing the experi-
mental data [22, 58] present the lowest magnitudes of this
parameter. In most publications, much higher values of the
contact resistance have been obtained. Such high values can

be due to the occurrence in a composite of a thin polymer
layer covering the nanotube's surface [195]. This layer
prevents the transport of carriers (electrons) from one
nanotube to another, thus enhancing the contact resistance.

It should also be noted that the above approach to
modeling composite conductivity by taking into account the
contact resistance is rather approximate, because within the
framework of this approach all contacts between nanotubes
are characterized by a common value of the contact resistance.
In actuality, the contact resistance is characterized by a
statistical spread that corresponds to the spread in the
thicknesses of the polymer layers separating the adjacent
CNTs. The transport of electrons through these layers is
governed by the tunneling mechanism, so that the probability
of electron passage through the layer decreases abruptly with
the thickness of the layer. This complicates the description of
the percolation behavior of composites. Peculiarities of the
percolation conductivity of a composite filled with CNTs
caused by the formation of a polymer layer separating the
neighboring nanotubes are also analyzed in Section 2.7 of the
present article.

2.5 Temperature dependences
and the conduction mechanism
The authors of Refs [58, 185] have measured the temperature
dependences of the electrical properties of composite samples
of various compositions with the goal of analyzing the
conduction mechanism. Thus, the frequency dependences of
the imaginary part of the electric modulus (M 00) of composite
PA6/2.5 wt.% CNTs measured at various temperatures are
demonstrated in Fig. 3a. Similar measurements were also
performed on pure polymer PA6. The maximum in the
measured dependences corresponds to the transition from
AC to DC conductivity, so that the position of this maximum
( fmax) determines the value of the relaxation time (t) in
accordance with the relation 2pfmaxt � 1 [194]. The tempera-
ture dependences of the parameter fmax are shown in Fig. 3b in
comparison with the analytical expression

fmax � f0 exp

�
ÿ B

Tÿ TV

�
: �9�

Such a dependence characterizes the transition of thematerial
into a glass phase [197]. Here, f0 is the pre-exponent factor, B
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Figure 3. Electrical properties of composite PA6/CNT samples [58, 185]: (a) frequency dependences of the imaginary part of the electric modulus of

composite PA6/2.5 CNTs measured at various temperatures; (b) temperature dependences of the parameter fmax evaluated on the basis of data of Fig. 3a

for pure polymer PA6 and composite PA/2.5 wt.% CNTs. Solid lines correspond to Eqn (9).
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is the fitting parameter, and TV is the Vogel temperature. The
best agreement between the measurement results and for-
mula (9) is reached at f0 � 1212 Hz, B � 428 K,TV � 274 K
for pure polymer PA6, and f0 � 812 Hz, B � 390 K,
TV � 275 K for composite PA/2.5 wt.% CNTs. It should be
noted that the above-determined value TV is about 50 �C
lower than the glassy phase transition temperature for the
same materials [198]. Therefore, the experimental data imply
that themain charge transfermechanism in both nonconduct-
ing materials at temperatures exceeding the glassy phase
transition point deals with the movement of polymer chains
with the characteristic time of order f ÿ10 [198].

The results of similar measurements performed with
conducting composites indicate an increase in the electrical
conductivity and the critical frequency fc, as the temperature
rises from ÿ150 �C to 150 �C. Thus, Fig. 4 demonstrates the
Arrhenius representation of the temperature dependences of
DC conductivity measured for two composite samples with
different compositions [58, 185]. As is seen, the character of
the temperature dependence of the conductivity changes
upon passage through the phase transition point Tg.

In the temperature range below the phase transition point
Tg, the conduction mechanism related to electron tunneling

induced by thermal fluctuations (FIT) occurs [199, 200].
According to this mechanism, the electrical conduction is
due to electron tunneling through a potential barrier varying
in height that is determined by local temperature fluctuations.
In this case, the temperature dependence of the conductivity is
expressed through the following equation

sdc � A exp

�
ÿ T1

T� T0

�
; T < Tg : �10�

Here, the parameter T1 can be considered as the electron
energy sufficient for overcoming the insulating barrier
between two nanotubes, T0 is the temperature whose
exceeding makes the overbarrier electron transition possible,
and A is the pre-exponent factor. Fitting the experimental
data collected in Fig. 4 with expression (10) results in
T1 � 875 K, T0 � 100 K for PA6/6.25 wt.% CNT, and
T1 � 466 K, T0 � 30 K for PA6/10 wt.% CNT. These
values exceed those obtained for polyethylene-terephtalate/
charcoal composites [201], which is one more indication of a
dependence of the electrical properties of a composite
material on the natures of the polymer and conducting filler.

Attempts to explain the experimental data in Fig. 4 within
the framework of one-, two-, and three-dimensional hopping
conduction models (VRH) have turned out to be less
successful [202]. The FIT model is also supported by the
linear character of the lnsdc dependence on pÿ1=3 (p is the
mass content of a filler) measured for samples of the same
composite and presented in Fig. 5a [58, 185].

The influence of a conducting filler on the mechanism of
the dielectric relaxation of a polymer was studied by the
dielectric relaxation spectroscopy method. The results of this
study are illustrated in Fig. 5b presenting the temperature
dependences of the imaginary part (e 00) of the permittivity
responsible for the dielectric losses. These dataweremeasured
at a frequency of 95 Hz for samples of pure polymer and
composite PA6/2.5 wt.% CNT. The measurements could be
performed only for samples not possessing DC conduction
because the dielectric relaxation is masked by the conduction
for conducting samples in which the filler content exceeds the
percolation threshold. Two peaks (at ÿ100� and ÿ30�C,
respectively) observable in Fig. 5b correspond to g and b
mechanisms of secondary dielectric relaxation in polymer
PA6, relating to the local movement of dipoles [203].
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samples with various compositions. Solid lines correspond to Eqn (10)
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imaginary part (e 00) of the permittivity measured at a frequency of 95 Hz for nonconducting samples of polymer PA6 and composite PA6/CNT [58, 185].
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Specifically, g-relaxation relates to the rotational movement
of the radical CH2 added to polar groups, while b-relaxation
is caused by the movement of amide bonds [204].

Inserting a conducting filler into a polymer produces
changes in both the absolute value of the permittivity and its
frequency dependence. Figure 6a displays the results of
measurements of the AC permittivity for an epoxy resin-
based composite doped with CNFs [29], which present a
characteristic example of such changes. In a frequency-fixed
electric field, the permittivity e rises as the filler loading
increases. At a fixed filler content, the sample permittivity e
decreases with the frequency, which is caused by shortening
the electric field oscillation relative to the characteristic time
of the charge exchange of an effective capacitor formed by the
neighboring conducting particles. At high frequencies, the
capacitor has no time for charge exchanging, so that the
sample permittivity approaches the value inherent to a pure
polymer without a filler.

Figure 6b presents the frequency dependences of the
imaginary part (e 00) of the permittivity measured at tempera-
tures of ÿ100, ÿ30, and 50 �C for nonconducting samples of
pure polymer PA6 and composite PA6/2.5 wt.% CNT. The
peak observable in a middle part of the frequency region at
ÿ100 �C is caused by g-relaxation. At a higher temperature
(ÿ30 �C), this peak shifts toward higher frequencies
(� 3� 105 Hz), while the peak related to the b-relaxation
appears in a low-frequency region (� 40 Hz). At T � 50 �C,
the peak responsible for the g-relaxation shifts out of the
frequency region under investigation, while the peak caused
by the b-relaxation falls to a high-frequency part of this
region. For f < 103 Hz, e 00 reaches high magnitudes, which
is caused by conduction effects.

As is seen from the data given in Fig. 6b, the influence of
a CNT filler in a PA6 matrix on the secondary processes of
b-and g-relaxations is hardly essential. The only effect
deserving attention is a notable (by an order of magnitude)
increase in the parameter e 00 that can be conditioned by
strengthening the internal field due to the presence of CNTs.

2.6 Influence of stirring on the composite conductivity
Along with the contact resistance, the absolute magnitude of
the electrical conductivity of composites filled with CNTs is
determined essentially by the degree of homogeneity of the
composite. Experience shows that a thorough stirring of a
liquid polymer resin with an admixture of CNTs results in

lowering the percolation threshold of the composite. In
particular, this effect has been observed by the authors of
Ref. [180], who obtained a quite low value of the percolation
threshold (0.026 wt.%) for the nanocomposite fabricated by
inserting multiwalled CNTs of 90% purity into the matrix of
non-saturated polyester. Multiwalled CNTs about 9.5 nm in
diameter and � 1:5 mm in length were synthesized by the
usage of the CVD technique. The samples to be studied were
fabricated by the method based on the preliminary prepara-
tion of an initial material with enhanced content of CNTs
(masterbatch), followed by its dilution with a polymer resin
[47, 205]. The CNT content in the samples studied was varied
between 0.05 and 0.3 wt.%. Each sample underwent stirring
in a laboratorymixer at a temperature of 30 ± 35 �Cfor 7 hours
at a frequency of 1000 cpm.

The resulting samples 100� 20 mm in thickness were
studied by means of optical and scanning electron micro-
scopies. Electrical properties of the samples were measured
using the impedance spectroscopy method with the aid of a
frequency analyzer. The impedance was measured within the
frequency range between 1 Hz and 1 MHz. The conductivity
of a sample was determined on the basis of impedance Z�o�
measurements according to the relation

s � l

Z�o� ; �11�

where o is the angular frequency of the electric field, and
l � 3:93 mÿ1 is a geometric factor characterizing the measur-
ing sensor device. DC conductivity of the material was
measured by the two-probe method at a temperature of
20 �C. In these measurements, cylindrical samples 8 mm in
diameter and 4 mm in height with the edges coated with a
silver-based conducting paint were used.

Figure 7a illustrates the dynamics of changing the
resistivity of a liquid resin made up on the base of a
nonsaturated ester doped with CNTs in due course of stirring
[180]. Let us note that the picture does not contain the similar
dependence for pc � 0:05%, which hardly differs from that
for the sample with pc � 0:1%. However, the occurrence of
multiple bubbles when stirring induces considerable noise on
the above-mentioned dependence. As is seen, the resistance of
the resin filled with a CNT loading of about 0.2±0.3%
decreases by more than two orders of magnitude after about
50 min of stirring. The magnitude of the drop, naturally, rises
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Figure 6. (a) Frequency dependence of the dielectric constant of CNF-doped epoxy resin-based composites [29]:& pure resin;* 0.1%CNF;~ 0.5%CNF;

! 0.6%CNF;^ 1%CNF;3 2%CNF;" 2.25%CNF; * 2.5%CNF; (b) frequency dependence of the imaginary part (e 00) of the permittivity measured at

temperatures ÿ100, ÿ30, and 50 �C [58, 185]. The black and white symbols correspond to the pure polymer PA6 and composite PA6/2.5 wt.% CNT.
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as the CNT content increases. Such a long incubation period
is required for reaching the percolation threshold, which is
possible only upon homogeneous distribution of CNTs over
the material. However, even stirring for 420 hours does not
ensure the fully homogeneous distribution of CNTs over the
sample, because, as is evidenced from the dependences
presented in the picture, the drop in the resistivity with time
does not terminate.

Figure 7b gives the measurement data on the frequency
dependence of the conductivity of solid composite samples
with different compositions performed by the impedance
spectroscopy method [180]. The frequency dependence of a
pure polymer corresponds to the capacitor behavior. The
conductivity of a composite filled with 0.05 wt.% CNTs does
not depend on the frequency in a frequency range below
104 Hz, while at higher frequencies it demonstrates a
capacitor behavior. The conductivity of composites with a
CNT content exceeding 0.1 wt.% does not really depend on
the frequency and notably increases as the CNT content
rises.

Figure 8a compares the dependence of AC conductivity of
solid composites on the CNT content with the relevant data
for liquid composites of the same composition [180]. The
conductivity of the pure polymer accounts for about
10ÿ12 S mÿ1. However, inserting CNTs in a quantity as low
as 0.05 wt.% results in increasing the conductivity by eight
orders of magnitude, to 2:7�10ÿ4 S mÿ1. Further enhance-
ment of the filler loading increases the electrical conductivity
to 1:3�10ÿ1 S mÿ1. The values of DC conductivity measured

by the two-probe method are in agreement with those
measured by impedance spectroscopy. It should be noted
that the values of conductivity for liquid and solid composites
of the same composition differ from each other by about four
orders of magnitude.

Figure 8b presents results of the treatment of the
measured dependence of the conductivity on the filler
loading in accordance with Eqn (5). These data have been
used to evaluate the parameters entering this equation [180].
The treatment has resulted in the percolation threshold
position Fc � 0:026 wt.% and the parameter t � 2:55. It is
interesting to compare the above-given value of the percola-
tion threshold with the estimate of this parameter on the
basis of the classical percolation theory developed to
describe the percolation conductivity of a composite with a
minor additive of elongated conducting cylindrical particles
D in diameter and l in length. According to this approach,
the percolation threshold position is determined by expres-
sion (7) [192±194], which is reduced to an approximate
relation Fc � 0:7D=l in the limiting case of a high aspect
ratio (D5 l). This relation results in Fc � 0:045% for the
composite containing CNTs D � 9:5 nm in diameter and
l � 1:5 mm in length [180]. Therefore, the measured percola-
tion threshold position (0.026%) is about 1.6 times less than
the estimate following from the statistical theory. Such a
discrepancy is probably explained by the orientation order-
ing of CNTs in the composite, which enhances the effective
aspect ratio of particles involved in percolation charge
transport.
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The measured percolation threshold position is compar-
able with other relevant data measured for such polymer
matrices as epoxy resin, polyurethane, and vinyl ester (see
Table 1). However, this value is about 40 times less than that
for a composite based on a nonsaturated ester filled with
entangled multiwalled CNTs (1%), and one quarter that for
the same matrix filled with nonentangled CNTs (0.1%) [206].
Notice that the lowest value of the percolation threshold
(0.0021 wt.%) was observed for an epoxy-resin-based
composite filled with nonentangled CNTs [18, 23, 207]. We
should also note the value of Fc � 0:005 wt.% measured for
an epoxy-resin-based composite filled with single-walled
CNTs [193], and Fc � 0:011 wt.% for an epoxy-resin-based
composite filled with entangled multiwalled CNTs [22, 23].

The percolation behavior of a polypropylene (PP)-based
composite filled with multiwalled CNTs was studied experi-
mentally by the authors ofRef. [2].Nanocomposite samples of
various compositions were prepared with the use of a
masterbatch on the basis of polypropylene filled with 20%
multiwalledCNTs.Diluting thismaterial with a pure polymer
followed by stirring and injection moulding allowed produ-
cing composites with various CNT contents. The injection
rate was varied from 25 to 178 mm sÿ1. The electrical
conductivity was measured by the standard two-probe
method. To this end, rectangular-shaped composite samples
of different compositionswere fabricated, so that the opposite
butt ends of them were coated with a conducting silver-based
paint.

Figures 9a, b exemplify the results of measurements of the
sample electrical conductivity. Figure 9a presents the depen-
dences of the conductivity of composite samples on the mass
CNT content measured for various injection velocities of a
liquid composite. Themeasured datawere treated on the basis
of the statistical percolation theory [10] describing the
dependence of the conductivity on the filler content in the
vicinity of the percolation threshold through expression (5). In
addition, the experimental datawere also treated using amore
modern-day approach [192] based on the following relation-
ships:

s � 2:70� 105�pÿ pc�3:8 S mÿ1 ; p > pc ; �12�
s � 1:0� 10ÿ9�pc ÿ p�ÿ0:9 S mÿ1 ; p < pc : �13�
The parameters of these relationships (factors and power

indices) were found to provide the best agreement with the
experimental data in Fig. 9. The percolation threshold

position evaluated on the basis of the experimental data
amounts to pc � 3:8 wt.%. The dependence described by
standard relation (5) is also shown there. In this case, the
percolation threshold position was equal to the above-
evaluated value. A comparison of the dependences deter-
mined on the basis of various theoretical approaches indicates
that the percolation models of Refs [10] and [192] are equally
appropriate for describing experimental data on the con-
ductivity of CNT-doped composites.

The dependences of the reduced conductivity on the
injection velocity, measured for samples of various composi-
tions, are plotted in Fig. 9b. As is seen, the injection velocity
has an appreciable effect on the percolation behavior of the
composites, and this effect can have a nonmonotone char-
acter, depending on the sample's composition. The maximum
influence of the injection velocity on the composite con-
ductivity is observed for samples with the CNT content at a
level of 4.5%. This effect reflects the influence of the injection
velocity on the degree of homogeneity of the CNT distribu-
tion over the sample. SEM observations in particular indicate
that CNTs form aggregates as a result of stirring the
composite. These aggregates are distributed randomly over
all the material volume. A rise in the injection velocity causes
the orientation of these aggregates towards the resin flow,
which promotes the formation of percolation paths for
electrical conduction. However, these paths can be formed
only at quite high filler content. Therefore, the dependences
presented in Fig. 9 indicate an inhomogeneous dispersion of
the material upon its production by injection followed by
moulding. This conclusion is also supported by the extra-
ordinarily high magnitude of the percolation threshold
(3.5%) measured for the sample of the above composition.

It should be noted that the percolation threshold position
at the level of 3% was also observed for PP/MWNT
composites by Liang et al. [208], who used pressure moulding
for the composite production. A similar result (pc � 3%) was
obtained by So et al. [209], who synthesized the composite on
the basis of polyimide doped with multiwalled CNTs using
the in situ polymerization process.

As an example of a composite possessing a high degree of
homogeneity of a conducting filler, we can mention poly-
urethane foam (PUF) doped with CNTs [163]. This material
combines a low density, low thermal conductivity, and good
electrical conduction, which makes it attractive for a wide
area of applications. With the aim of enhancing the degree of
distribution homogeneity, the multiwalled nanotubes utilized
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for the composite production were subjected to shortening
from 3.5 to 1 mm by means of ball milling, followed by
functionalization with hydrogen peroxide. In doing so, 1.5 g
of CNTs were flooded with 500 ml of a 98% solution of H2O2

and ultrasonicated for 90 min at room temperature. Table 3
presents the chemical composition of the mixture utilized for
the production of polyurethane foam.

CNTs were introduced into polyol to produce PUF.
Stirring was provided by a mechanical mixer, the rate of
which was gradually enhanced from 100 rpm to 3000 rpm.
The duration of stirring took 5 min. Thereafter, water,
catalysts, and the surface activator were added to the
solution and the suspension obtained was stirred for 60 s at
a rate of 3000 rpm until a homogeneous material formed.
Then, MDI was added to the mixture, and experienced
stirring at 5000 rpm for 10 s. This procedure resulted in a
freely growing foam that was moulded into a form
250� 250� 250 mm in size, where it was held at room
temperature for 10 min. Thereafter, the foam was extracted
from the mould and kept at room temperature for a day.
Samples 15� 15� 5 mm in size designed for measurement of
the composite electrical conductivity were placed between
two disk electrodes 30 mm in diameter with a gold coating.

Figure 10 displays the dependence of the electrical
conductivity of composites fabricated on the base of poly-
urethane foam and doped with multiwalled CNTs on the
nanotube's content (in units of php � 0:1%) [163]. Notice the
low value of the percolation threshold, � 0:01 wt.%, whose
exceeding leads to a conductivity increase from 0 to 23 S mÿ1

in a jump-like manner. Such a low position of the percolation
threshold is due to a high degree of homogeneity of the
composite, which was reached, on the one hand, due to the
mechanical properties of the polyurethane resin providing

good mixing of the polymer filled with CNTs, and, on the
other hand, owing to a short length of nanotubes that also
promotes more effective mixing. A further increase in the
CNT content to 0.05% barely changes the sample's con-
ductivity, while exceeding this content is accompanied by a
decline in the conductivity. Such a character of the percola-
tion behavior of the composite is caused by the tendency of
CNTs to form entangled clots upon exceeding some content
of CNTs in a material.

2.7 Influence of the alignment of CNTs
on the percolation behavior of composites
Orientation ordering of nanotubes introduced into a compo-
site endows this material with anisotropic electrical proper-
ties. The conductivity of the material becomes dependent on
the angle between the direction of the electric field and the
direction of the prevailing orientation of nanotubes. This
dependence has been studied in detail in conditions of
percolation conduction, notably inRefs [119, 120]. The studies
resulted in the discovery of nonmonotone dependence of the
composite conductivity on the degree of CNT alignment.

Composite samples on thebasis of polymethylmethacrilate
(PMMA) doped with single-walled CNTs were prepared in
Refs [119, 120] by taking advantage of the coagulationmethod
[123] providinga homogeneous distributionof nanotubes over
the volume. In initial samples, the nanotubes synthesized by
theHiPcomethodwere bound into bundles having an average
diameter of 6.9 nm and length of � 310 nm, which corre-
sponds to the aspect ratio of � 45. The degree of orientation
ordering was controlled through the variations of the extru-
sion rate within the range of 1±15 mm minÿ1, the spinneret
diameter (0.5, 1.5, 2.5 mm), and the fiber-drawing speed (1±
31 m minÿ1). The samples lacking CNT alignment were
produced by hot pressing of coagulated composites.

The electrical conductivity of filaments fabricated from
the composite was measured at room temperature using the
two-probe method by means of an impedance electrometer.
The degree of orientation ordering was characterized by the
full width at half maximum (FWHM) of the nanotube
distribution over the orientation angles. This distribution
was established from measurements of X-ray radiation by
small angle scattering. Increasing FWHMs from 0� (perfectly
aligned) to 180� (isotropic) corresponded to increasing SWNT
isotropy.

Figure 11 presents the results of measurements of the
electrical conductivity of composites [119, 120]. These
measurements (see Fig. 11a) allowed determining the percola-
tion threshold position for the isotropic sample at
Fc � 0:365 wt.%. An interesting peculiarity of the data
obtained is the occurrence of the percolation transition upon
changing the degree of CNT alignment (Fig. 11b). Thus, for
the composite sample containing 2 wt.% CNTs, the long-
itudinal conductivity sjj measured along the alignment
direction experienced an abrupt jump from 6:5� 10ÿ11 up
to 4:4� 10ÿ6 S cmÿ1 when increasing FWHM (lowering the
degree of alignment) from 20� to 36�. Such a behavior is
caused by decreasing the number of possible contacts between
neighboring nanotubes as a result of the enhancement of the
degree of alignment upon lowering the CNT content.

Measurements imply that in the vicinity of the percolation
transition the dependence of the electrical conductivity on the
degree of alignment is described by a power function:

sjj � s0�FWHMÿ FWHMc� bor ; �14�

Table 3. Chemical composition of the mixture utilized for production of

polyurethane foam doped with multiwalled CNTs [163].

Component Name Weight, g

MDI

Polyol
Surface activator
Stabilizer
Catalyst
Filler

4.4-Diphenylmethane
diizocianate
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Type of silicon
Cyclopenthane/water
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Multiwalled CNTs
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which is similar to the percolation dependence (5). In this
case, both the threshold value FWHMc of the alignment
degree and the power index bor engaged in expression (14)
demonstrate the dependence on CNT loading. Specifically,
the measured threshold value is FWHMc � 18:60 at the CNT
loading of 2 wt.%. The data shown in Fig. 11c indicate that
for a sample of fixed composition the dependence of the
electrical conductivity on the degree of filler alignment has a

nonmonotone character, so that the maximum of this
dependence also depends on CNT loading in a nonmonotone
manner.

Table 4 gives the results of treatment of experimental data
obtained for samples with various CNT loadings and
demonstrated in Fig. 11c. A sharp enhancement of the
maximum electrical conductivity of samples, smax=siso, can
be seen as the CNT loading decreases. The high value of this
ratio at low loadings indicates that the number of percolation
paths forming in a sample with a low degree of anisotropy
exceeds that in a fully anisotropic sample. Moreover, the
enhancement of the CNT content from 0.38 to 3 wt.% is
accompanied by a lowering of the threshold value of FWHMc

from � 75� to � 19�, which corresponds to increasing the
threshold value of the CNT alignment degree. The reason is
that the number of contacts among nanotubes rises with
increasing CNT content, so that the percolation breaks at a
higher degree of anisotropy.

The above dependences are in qualitative agreement with
the results of a simple numerical model developed in
Ref. [211]. The probability of crossing for cylinders with the
aspect ratio l=D � 20, calculated in this work, for a weak
degree of alignment exceeds that for an isotropic system.

Measurements indicate that the nonmonotone character
of the dependence of the electrical conductivity on the degree
of alignment of the CNT filler is most pronounced at
low loadings. At a filler content of 3 wt.%, this dependence
begins monotonically increasing, reaching saturation at
FWHM � 75�. Therefore, the weak anisotropy of a compo-
site at such a high CNT loading does not change notably the
percolation behavior, because the number of contacts among
CNTs in the sample is quite high. On the other hand, at a
lower filler loading, a percolation network containing a few
conducting paths is subjected to essential changes as a result
of a modest alignment of filler particles, because it impacts
notably on the percolation network structure. Continuing
their research initiated in Ref. [109], the members of the same
team studied the dependence of the electrical conductivity and
thermal conductivity of polyethylene-based composites
doped with single-walled CNTs on the degree of alignment
of polymer matrix molecules [210].

Low- and high-density polyethylene with crystallinities of
33% and 78%, respectively, was utilized as a polymer matrix.
Single-walled CNTs were synthesized by the laser ablation
method. Composite samples with various degrees of align-
ment of polyethylene molecules were produced by the
spinning method. The samples of low-density polyethylene
(LDPE) contained p � 0:56 and 19.5 vol.% CNTs, which
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Table. 4. Conductivity siso of the isotropic composite, threshold position

FWHMc of the degree of alignment, and the maximummagnitude smax of

the conductivity measured for samples of various compositions at the

relevant value of FWHMmax [119].

CNT con-
tent, wt.%

FWHMc,
deg.

FWHMmax,
deg.

smax,
S cmÿ1

siso,
S cmÿ1

smax=siso

0.38 75 116 1:0� 10ÿ8 7:0� 10ÿ11 1400

0.5 23 109 1:9� 10ÿ5 4:0� 10ÿ8 470

1 22 80 1:2� 10ÿ4 2:5� 10ÿ6 46

2 19 106 2:7� 10ÿ3 3:5� 10ÿ4 8

3 <19 4:2� 10ÿ3
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corresponds to a weight content of 1 and 30%, while CNT
loading in high-density polyethylene (HDPE) amounted to
p � 0:6, 3, 6, and 20 vol.%, which corresponds to a weight
content of 1, 5, 10, and 30%. Isotropic samples were prepared
through recrystallization by means of a hot press. For the
preparation of anisotropic samples on the basis of HDPE, the
composites with the CNT content p � 0:6 and 1.2 vol.%
(1 and 2 wt.%) were used. The electrical conductivity of the
composites was measured by a standard two-contact method,
while the conductivity of initial polyethylene was measured
by the four-contact method.

The measured dependences of the electrical conductivity
of composite samples prepared from LDPE and HDPE on
the volume content of single-walled CNTs exhibit a percola-
tion character. The percolation threshold position corre-
sponds to the CNT content p � 0:3 vol.% for both types of
a polymer matrix. At p � 0:6 vol.%, the composite conduc-
tivity reaches s�10ÿ4 S cmÿ1, which exceeds that for a
polymer matrix by 12 orders of magnitude. An important
conclusion inferred from experiments [119, 210] relates an
abrupt lowering of the composite electrical conductivity with
the alignment of polymer filaments. Thus, the conductivity
of a composite based on longitudinally aligned polyethylene
filaments doped with 0.6 and 0.12 vol.% single-walled
CNTs measured along the filament alignment amounts to
�5�10ÿ10 S cmÿ1 [210], which is about 6 orders ofmagnitude
lower than that for isotropic material of the same composi-
tion. This conclusion seems to be paradoxical at first glance,
however, it is quite explainable in terms of the above-noted
nonmonotone dependence of the composite conductivity on
the degree of CNT alignment (see Fig. 11c).

3. Modeling of the conductivity
of CNT-doped composites

3.1 Percolation model of the composite conductivity
While the main source of information on the electrical
characteristics and percolation behavior of CNT-doped
composites comprises experiments, many questions arising
in the investigation of this problem can hardly be clarified by
purely experimental means. This is due to difficulties in the
experimental determination of nanotube geometry, the
degree of their defectiveness, the degree of orientation
ordering, the degree of homogeneity of the filler distribution
over the polymer matrix volume, the character of the contact,
etc. It seems more appropriate to find the answers to the
above questions on the basis of numerical modeling, the
results of which determine the further development of
experimental studies and technological elaborations.

The percolation theory, based on the principles of
statistical physics, was developed for describing the percola-
tion behavior of heterogeneous systems, including CNT-
doped polymer composites [6±10]. This theory has a general
character and has resulted in analytical expressions like
Eqn (5) interconnecting the values of the sample conductivity
and the degree of deviation from the percolation threshold.
However, the conclusions and results of the classical percola-
tion theory are not always applicable for a detailed descrip-
tion of the behavior of CNT-doped composites, because this
theory does not take into account such factors as possible
aggregation of CNTs, bent and frequently waving nanotube
structures, a spread in CNT conductivity caused by a spread
in their diameter and (in the case of single-walled CNTs)

chirality, and a variety of contact phenomena which are
complicated by the possible formation of a thin polymer
layer between the neighboring nanotubes in a polymer.

The above factors and some others can be taken into
consideration within the framework of modern numerical
approaches based on molecular dynamics and Monte Carlo
methods. Nowadays, the active development of such
approaches as applied to the description of transport
characteristics of CNT-doped composites and much work
performed in this field can be considered as a first approach to
building an adequate percolation model of CNT-doped
composites. A short review of this work, accompanied by an
analysis of possible ways to further develop them, is given
below.

Paper [212], where a 3D approach was guided by the ideas
of the classical percolation theory [11], merits mentioning
among early publications devoted to modeling the conductiv-
ity of polymer-based composites doped with CNTs. A trend
of nanotubes in the aggregation was tried to take in account
within the framework of this approach. In doing so, the
possibility of forming bundles of single-walled nanotubes
containing 3, 7, and 19 individual nanotubes was inserted
artificially during computation of the percolation behavior of
composites. In addition, the modeling of composites within
the framework of the 3D approach included a possible
bending of carbon nanotubes, and a spread in the values of
contact resistivity of neighboring CNTs engaged in one or
adjacent bundles was performed [213].

A series of recent publications [214, 215] is devoted to
modeling the percolation behavior of composites doped with
CNTs using the Monte Carlo method. The authors of these
studies managed to take into account the influence of such
factors as the aspect ratio of CNTs, degree of aggregation,
structure and electrical properties of individual CNTs on the
percolation threshold position and the character of the
dependence of conductivity on the filler loading. The
nanotubes were treated as soft-core cylinders l in length and
D in diameter that are able to penetrate each other (for
simplification of calculations). These cylinders are distribu-
ted randomly over the volume of a parallelogram.

Three types of contacts between neighboring CNTs are
considered: (a) the coordinates of the ends coincide; (b) the
coordinates of the end of one nanotube coincide with those of
a point on the external wall of the second CNT, and (c) the
points on the walls of both CNTs coincide. The relevant
calculations imply that at the CNT parameters chosen most
contacts (95%) correspond to case (c), when the adjacent
nanotubes contact through the walls. The relative contribu-
tion from contacts of type (a) (through the ends of adjacent
CNTs) amounts to 0.1±0.2%, while the contribution from
contacts of type (b) (the end of one CNT contacts the wall of
another one) ranges between 4.8±4.9%. Simulations also
indicated that the relative calculational error relating to the
usage of the assumption on themutual penetration ofCNTs is
negligible at the low filler loadings considered.

Composites doped with bent CNTswere also treated in an
effort to study the influence of distortion of the rectilinear
CNT structure on the composite percolation behavior.
According to the approach developed, a nanotube is divided
into 10 rectilinear segments (elbows), so that each of those can
be bent at some angle y with respect to the adjacent one. The
bending angle of each nanotube elbow is varied from 0 to
ymax.Moreover, the influence of the inhomogeneous distribu-
tion of CNTs over the volume of a polymer matrix on the
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composite percolation behavior was also studied. To this end,
aggregates whose parameters were characterized by the
normal distribution were inserted into the composite mate-
rial artificially. The degree of nanotube aggregation was
characterized by the sole parameter

d � Vag

V1=4
; �15�

where Vag is the volume of the sphere, which includes 95% of
CNTs involved in the aggregate, andV1=4 is one quarter of the
total volume of the 3D cube containing the composite. The
homogeneous distribution of CNTs over the composite
volume corresponds to d � 1, so that enhancement of the
aggregation degree is accompanied by a lowering of the
parameter d. The Monte Carlo calculation procedure
includes 100 independent runs for each specific CNT content
with a subsequent averaging of the data obtained.

3.2 Influence of CNT parameters
on the percolation threshold position
The above-considered approach [214, 215] has been applied to
establish the dependence of the character of the composite
percolation behavior on the CNT conductivity, their aspect
ratio, degree of curving (ymax), and the aggregation degree d.
Figure 12 presents the results of calculations performed for
different values of the above-mentioned parameters. As
follows from the dependences shown in Figs 12a and 12b, the
electrical conductivity of a nanocomposite is proportional to
the conductivity of CNTs and their aspect ratio. The
enhancement of the aspect ratio is accompanied by a decrease
in the percolation threshold position. Thus, the conductivity
at a level of 10 Smÿ1 is reached at the volume content ofCNTs

with the aspect ratio of l=D � 100 and l=D � 1000 at the level
of 1.3%and0.3%, respectively. Therefore,CNTspossessing a
higher aspect ratio are preferable for the usage as a filler to
conducting composites. Along with this, as follows from the
data in Fig. 12c, the bending of CNTs promotes some
moderate lowering of the conductivity. The influence of
CNT aggregation seems to be more essential (Fig. 12d). The
conductivity declines as the parameter d decreases, which
corresponds to an increase in the aggregation degree.

Dependences of the composite conductivity on CNT
loading calculated at various values of parameters have been
treated in terms of the standard percolation formula (5). The
results of the treatment indicate that the magnitude of the
parameter t involved in Eqn (5) does not really depend on
both the aspect ratio and the degree of CNT bending and is
equal to t � 1:8� 0:05. The value of this parameter decreases
smoothly as the CNT aggregation degree increases.

The calculated dependence of the percolation threshold
position pc on the CNT aspect ratio is approximated by the
power function

pc �
�

l

D

�ÿ1:1�0:03
; �16�

which is applicable for quite high values of the aspect ratio,
l=D > 20, and is in good agreement with analytical expression
(7). The calculations also indicate that the parameter s0
involved in percolation formula (5) depends not only on the
conductivity of CNTs but also on their aspect ratio. Taking
into account this dependence, Eqn (5) can be represented in
the form

scom � sCNT10
0:85�lg �l=D�ÿ1� �pÿ pc�t : �17�
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Therewith, the power index t � 1:8, and the percolation
threshold position pc depends on the aspect ratio in
accordance with the expression pc � �l=D�ÿ1:1.

The above approach is applicable to describing not only
CNT-doped composites but also other composite types, such
as carbon fiber-doped composites. This can be seen from a
comparison of the dependences of the electrical conductivity
of carbon nanofiber-doped composites calculated with the
aid of Eqn (17) for various nanofiber aspect ratios with the
measured results [216, 217] (see Fig. 13).

Experiments imply that in some cases the surface of
nanotubes inserted into a polymer matrix is covered with a
thin polymer layer that prevents the formation of an electric
contact between adjacent nanotubes [218, 219]. In this
circumstances, the charge transport is effected by way of
electron tunneling through the polymer layer [220]. Due to the
strong dependence of the tunneling probability on the
intertube distance that is described by a statistical distribu-
tion, taking into account this effect complicates the percola-
tion model. Furthermore, even in the absence of the
insulating layer between neighboring nanotubes, the direct
intertube contact is hampered by the van der Waals interac-
tion, due to which the distance between the surfaces of
neighboring nanotubes becomes quite large (� 0:34 nm).
The authors of Ref. [221] have developed a 3D percolation
model aimed at determining the influence of the electron
tunneling effect on the percolation behavior of CNT-doped
composites. This model was modified in subsequent work
[222, 223]. A similar problem related to tunneling was stated
by the authors of Ref. [4], whomade a simplifying assumption
about the possibility of the mutual penetration of CNTs.

To model bent CNTs, the authors of Refs [221±223] took
advantage of the above approach (see Section 3.1), which was
also applied in Refs [214, 215]. In accordance with this
approach, a nanotube is divided into 10 segments, each of
which is bent with respect to the neighboring segment at angle
0 < y < ymax. The bending angle is chosen in a random
manner. The authors dismissed as not justified the assump-
tion about themutual penetration of CNTs, as opposed to the
models applied earlier. Adjacent nanotubes are separated
from each other by a distance determined by the van der
Waals interaction potential. The minimum intertube distance
dV corresponds to the critical spacing at which the electron
tunneling is still possible. This spacing depends on the
properties of the polymer film covering the nanotube surface.

In the course of modeling, the nanotubes are inserted
sequentially in a random manner into a 3D cubic cell Lcell in
size. Thus, the minimum distance is calculated between the
newly inserted CNT and all the CNTs inserted before. If the
minimum distance Dmin is less than the sum of the CNT
diameter D and van der Waals spacing dV, the inserted
nanotube is removed and a new CNT is inserted inside the
cell instead. The process is repeated until the shortest distance
between the newly inserted CNT and all the CNTs inserted
before exceeds Dmin. If the shortest distance between two
nanotubes is less than or equal to the maximum value
Dmax � D� dt at which electron tunneling is still possible, it
is believed that this pair of nanotubes is coming into electrical
contact. Periodic boundary conditions are introduced for all
directions. Simulations have shown that the usage of a cell
with the ratio of Lcell=lCNT � 5 is enough for good conver-
gence of calculated results. One hundred Monte Carlo runs
were performed for each pair of lCNT andD values; afterward,
the calculated results were averaged.

At the first stage of calculations performed in Refs [221±
223] for the verification of the model, a network of mutually
penetrating CNTs was considered without taking into
account the electron tunneling and van der Waals intertube
interaction. This corresponds to the conditions of Dmax � D
and Dmin � 0 accepted in the above-described model [214,
215]. Following Hu et al. [214, 215], the nanotube length and
diameter were chosen to be equal to 5 mm and 50 nm,
respectively while the cubic cell size equaled 25 mm. The
calculations performed in accordance with the above proce-
dure resulted in the percolation threshold position of
0.6107%, which is in good agreement with the value of
0.6165% computed earlier [214, 215].

In order to simplify the calculations, the fixed value of
dV � 0:34 nm was chosen as the van der Waals intertube
spacing. This value corresponds to the equilibrium spacing
between hexagonal planes in graphite. The value of
dt � 1:8 nm calculated in Ref. [221] was chosen as the
maximum tunneling spacing. The ratio Dmin=Dmax was fixed
at 0.4786, which shortens the calculation time as well. The
simulations were performed for CNT lengths of lCNT � 10,
20, 50, 100, 150, and 200 nm, and in each case the cubic cell
size was set to 5lCNT.

Figure 14 exhibits the dependences of the electric percola-
tion threshold (EPT) position on the CNT aspect ratio
(lCNT=D) calculated on the basis of the above approach. As
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is seen, an increase in the aspect ratio is accompanied by an
abrupt lowering of the percolation threshold, especially in the
region of low aspect ratios. The calculated results obtained
for a cell 5lCNT in size were compared with those for the cell
size of 8lCNT to test the character of convergence of the
computational procedure. The distinction in the threshold
position does not exceed 1.4% for CNTs with the aspect ratio
of 20. This justifies the usage of the cell size of 5lCNT for
providing a reliable result.

A comparison of the calculated dependences with those
obtained within the framework of the standard percolation
model [214, 215] (Dmin � 0 and Dmax � D) indicates that the
utilization of the standard model results in an overestimation
of the percolation threshold position, especially in a low-
threshold region. Thus, the degree of overestimation amounts
to 110% in the case of the aspect ratio equal to 10. Two other
models (Dmax � D� dt, Dmin � D and Dmax � D� dt,
Dmin � 0) underestimate the threshold position. However,
the distinction between the predictions of those models
vanishes as the aspect ratio increases. Thus, the usage of the
standard percolation model neglecting CNT bending and
tunneling effects at an aspect ratio exceeding 200 permits
obtaining a reasonable accuracy at a notable shortening of
the computing time.

In order to study the influence of disruption of the
rectilinear CNT structure on the percolation behavior of
composites, each nanotube was divided into 10 segments
bent in respect to the neighboring one at an arbitrary angle
0 < y < ymax. Therewith, ymax was limited by the value of 30�

to shorten the computing time. Figure 15 represents the
calculated dependence of the electric percolation threshold
(EPT) position on the maximum bending angle. This
dependence corresponds to the trend noted in Refs [213±
215], in accordance to which an increase in the degree of
deviation from the rectangular CNT structure is accompa-
nied by an increase of the percolation threshold.

3.3 Influence of the degree of alignment
The dependence of the electrical conductivity on the inter-
relation between sample thickness and nanotube length is one
of the important peculiarities of the conduction in CNT-
doped composites. In particular, it follows from the results of

experiments [224, 225], where it was established that the
resistivity of CNT films near the percolation threshold varies
inversely proportional to the sample thickness. Another
peculiarity of this phenomenon relates to the possible
orientation ordering of CNTs inside a composite. The
dependence of the composite resistivity on the degree of
nanotube's orientation was first noted by the authors of
experiments [119, 120]. This dependence was studied numeri-
cally for a 3D CNT network in Refs [226±228].

The electrical conductivity of CNT-doped materials can
depend not only on the degree of CNT alignment but also on
the direction of measurement. The above-mentioned experi-
mental data [119, 120] on the percolation conduction of
composites in the conditions of partially aligned CNT filler
were analyzed in Refs [226±228] using a numerical simulation
on the basis of theMonte Carlomethod. Such an approach to
the simulation of the percolation conduction was first applied
in Ref. [227], well before the discovery of carbon nanotubes.
In accordance with this relatively simple approach, a 2D
square unit cell is filled with rods of zero diameter and of a
fixed length l, which amounts to some fraction of the cell size.
The rod centers are distributed in a random manner over the
cell space.

To simulate the rod alignment, the angle of orientation y
of a rod in respect to some prescribed direction is chosen in a
random manner within the intervalÿym > y > ym, so that the
maximum angle 0 < ym < 90� determines the degree of
alignment of rods inside the material. At ym � 90�, the rods
are distributed isotropically, while lesser values of ym
correspond to some orientation ordering. The electrical
contact of the rods occurs at their crossing. Percolation
takes place when a network of contacting rods penetrates
through the cell. The percolation probability P is defined as a
fraction of the 1000 configurations for which the percolation
occurred. This indicator can be considered as the conductivity
of a cell in relative units, since the higher the magnitude of the
parameter P, the greater the number of percolation paths.

Figure 16 displays the dependences of the percolation
probability P on the degree of alignment calculated for rods
with l � 0:108Lcell [119]. The abrupt character of the
percolation transition at some critical value of the alignment
angle yc corresponds qualitatively to the experimental results
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[119] given above in Fig. 11. Processing the calculated results
represented in Fig. 16 implies that the dependence of the
percolation probability on the degree of alignment near the
percolation transition point is described approximately by the
power function P � �ym ÿ yc� by , where by is the power index.
The calculations indicate an increase in the percolation
probability with a rise in yc, which implies the effect of the
displacement of the alignment threshold to a higher aniso-
tropy according to experiment [119].

The calculated results depicted in Fig. 16 suggest a
nonmonotone character of the dependence of the conductiv-
ity on the degree of alignment of rods that occurs at a
relatively low filler loading (the number of rods is less than
600). Therewith, the maximum percolation probability
(conductivity) is reached at ym � 70�ÿ90�, i.e. when the
degree of alignment is rather low. In other words, at low
filler loadings a minor alignment corresponds to a higher
conductivity than in the case of filler isotropic distribution.
This conclusion is in qualitative agreement with the experi-
mental data [119].

The influence of the CNT alignment on the percolation
behavior of composites can be illustrated through the ratio of
the maximum percolation probability Pmax to the relevant
valuePiso for filler isotropic distribution. For a cell containing
600 or more rods, one has Pmax=Piso � 1. Therefore, the
alignment does not affect the number of percolation paths at
a high degree of alignment (ym < 50�). However, this ratio
increases as the number of rods decreases, amounting to 1.01,
1.19, and 1.22 for 500, 450, and 420 rods, respectively. Hence,
even weak anisotropy promotes at low filler loading an
increase in the number of percolation paths. This conclusion
is in qualitative agreement with the experimental data on the
electrical conductivity of composites PMMA/SWNT [119,
120].

The percolation behavior of CNT-doped composites was
studied in detail in Ref. [229], taking into account the above
effects and falling back on the Monte Carlo simulation as
well. This work is the development of earlier publication [230]
devoted to the calculation of the influence of various CNT
parameters on the electrical properties of composites.

As follows from the calculations [229], the maximum
value of the composite conductivity is not reached at a full
but at a partial alignment of CNTs. At first glance, such an
important conclusion seems to be paradoxical; however, it is
confirmed by the results of experiments [119, 231], reporting a
nonmonotone dependence of the composite conductivity on
the degree of filler alignment. At a high alignment of CNTs,
the composite demonstrates the anisotropy that manifests
itself in a dependence of the conductivity on the direction of
measurement.

According to the model developed by the authors of
Ref. [228], the nanotube is represented as a rod lCNT in length
possessing two degrees of freedom (the position of one end and
the orientation angles). The nanotubes are inserted into a
composite at an arbitrary angle ywith respect to the horizontal
axis, following the conditions: ym ÿ ya 4y4ym � ya, and
180� � ym ÿ ya 4y4 180� � ym � ya. The first of the angles
(ya) is defined as the nanotube's orientation angle that
determines the degree of alignment of the nanotube in the
material. At ya � 90�, the orientation is fully random,while at
ya � 0� the nanotubes are fully ordered in some direction. The
second angle (ym) defines the direction of measuring the
conductivity, i.e., the direction connecting the electrodes. If
ym � 0�, then the resistance is measured in parallel to the
direction of the CNT alignment, while if ym � 90�, the
measurement is performed in the perpendicular direction.

CNTs are applied onto a 2D grid until the desired surface
density n is reached. Subsequent surface layers are formed in
the same manner, so that a 3D film is produced as a result of
this procedure. It is assumed that only nanotubes belonging
to adjacent 2D layers can contact, so that the position of the
contact points is determined through the calculation. The
resulting effective integral density of the 3D film consisted of l
layers, each of which is characterized by the surface density n,
which is always less than ln because only CNTs belonging to
the nearest layer are connected by the electrical contact. After
completing the film formation, the positions of the intertube
contact points are determined. FollowingRef. [230], the inter-
tube contacts are characterized by a joint contact resistance
RJCT (neglecting a spread in the electron properties of CNTs).
The electric network obtained is simulated conventionally on
the basis of Kirchhoff's laws. The interconnection between
the applied voltage and the total current through the film
calculated on the basis of such an approach permits the
determination of the composite resistivity r.

Each point is obtained as a result of averaging at least 200
independent configurations of CNTs inside the composite
generated in a random manner. The main calculations were
performed for a composite film sample L � 7 mm in length,
W � 2 mm in width, CNT surface density in a layer
n � 2 mmÿ2, nanotube length lCNT � 2 mm, and the number
of layers in the film equal to 5, which corresponds to a film
thickness t � 15 nm. The contact resistance was set to the
ballistic one (� 6:5 kO) multiplied by 100.

Figure 17a displays the dependences of the normalized
composite resistance on the CNT alignment angle, calculated
for three different directions of measurement (ym � 0�, 45�,
and 90�). It is seen that at ym � 0� the resistance decreases
smoothly as ya decreases, reaching the minimum value at
ymin
a � 45�. Such a behavior of the resistance can be described

by decreasing the number of electrical contacts necessary for
formation of percolation paths with the enhancement of the
alignment degree. However, further lowering ya results in a
notable rise in the resistance, because it is accompanied by a
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decrease in the number of conducting paths. For example, in
the case of almost full orientation ordering, the nanotubes are
oriented almost in parallel to each other, so that the number
of contacts turns out to be practically negligible.

Therefore, the occurrence of the resistivity minimum at
the alignment angle of ymin

a is a result of competition between
the decreasing number of electrical contacts and shortening of
the percolation path length (enhancing the resistivity). In the
model considered, the sample length always exceeds the CNT
length. Under such conditions, the electrical conduction is
never accomplished through one nanotube. In this case, the
conductivity decreases at a high alignment degree.

Figure 17a also illustrates the influence of the measure-
ment direction on the results of measuring the resistance for
composites with different alignment degrees. At ya � 90�, the
alignment is absent, so the resistance does not depend on the

measurement direction ym. In contrast, at ym � 45� and 90�,
the resistance increases monotonically with decreasing ya. In
those cases, since the measurement direction does not
coincide with that of the alignment, an increase in the
alignment degree does not lead to a notable decrease in the
number of electrical contacts or a shortening of the percola-
tion path length. Therefore, the change in the resistance
relates in these conditions to decreasing the number of
percolation paths.

The dependences of the resistivity on the alignment angle
shown in Fig. 17a are approximated by the inverse power
function

r � �ya�ÿa ; �18�

where a � 2:9, 3.6, and 3.9 are the values of the power index
evaluated on the basis of these dependences at ym � 0�, 45�,
and 90�, respectively. The value of the parameter a increases
with ym due to the influence of the effect of decreasing the
number of conducting paths on the change in the resistance.
The calculated results given in Fig. 17 are in qualitative
agreement with those obtained in the experimental study of
the influence of the CNT alignment on the percolation
conduction of CNT-doped polymers [119, 120].

The inset to Fig. 17a presents the dependences of the
percolation probability P (i.e., probability of the occurrence
of at least one conducting path) on the CNT alignment angle,
calculated for various measurement directions ym. If the
measurement direction does not coincide with that of the
alignment, the percolation threshold is observed at higher
values of ya than those specifying the coincidence of these
directions. Thus, at ym � 0�, the transition from P � 1 to
P � 0 occurs for ya < 10�, while at ym � 90�, this transition
proceeds already for ya < 40�.

3.4 Role of the measurement direction
The influence of the angle between the direction of the
conductivity measurement and the direction of CNT align-
ment in the composite is illustrated by Fig. 17b, where the
dependences of the normalized composite resistance on the
angle ym measured for various values of ya are shown. As is
seen, in the absence of alignment (ya � 90�), the resistance
does not really depend on ym. However, even at a minor
degree of alignment (such as ya � 72�), an increasing
dependence of the resistance on ym is observed, and at a
higher degree of alignment (such as ya � 18�), this depen-
dence takes on a rather strong character. At high values of the
measurement angle, the calculated dependences near the
percolation threshold adhere to a power-like law:

r � �90ÿ ym�ÿb ; �19�

where b is the power index. This parameter, retrieved on the
basis of calculations (see Fig. 17b), increases from b � 0:65 to
b � 2:9 as ya decreases from 72� to 18�. This implies an
influence of the alignment degree upon the character of the
resistance dependence on the angle ym.

The sensitivity of the film resistance to the measurement
direction is characterized by the parameter ymax

m , defined as
the maximum value of the angle ym, whose exceeding leads to
the resistance of the ordered film becomingmore than that for
a fully disordered CNT film. In other words, the parameter
ymax
m represents the measure of disordering in the direction of

measurement that is acceptable without increasing the film
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resistance, in contrast to that of a fully disordered film. In
accordance with this definition, the parameter ymax

m is mean-
ingful only for such alignment angles ya at which the film
resistance at ym � 0� is lower compared with that for a fully
disordered film. This corresponds to ya � 22� for the case
presented in Fig. 17a. The dependence ymax

m �ya� is depicted in
the inset to Fig. 17b. As is seen, the parameter ymax

m increases
as the alignment degree decreases. This implies a sensitivity of
the results of measuring the ordered film resistance to the
measurement direction.

3.5 Role of CNT parameters and the sample sizes
Calculations performed by the authors of Ref. [229] demon-
strate that both the position of the resistance minimum and
the values of fitting parameters a and b involved in Eqns (18)
and (19) exhibit dependences on the sample size and CNT
geometry. Figure 18a represents the dependences of the
normalized resistance of composites on the alignment angle
calculated at ym � 0� for three CNT lengths. As may be seen,
increasing the value of lCNT from 1.5 to 3.0 mm is accom-

panied by a decrease in the parameter ymin
a from 55� to 30�,

and the power index a from 2.9 to 1.6. The character of the
dependences obtained is consistent with the longer CNTs
forming more contacts with each other, so the number of
conducting paths decreases with an increase in the alignment
degree not so strongly as in the case of shorter CNTs. This
explains the lowering of values of ymin

a and a with a rise in
lCNT.

The dependence of ymin
a on the nanotube length is shown

in the inset to Fig. 18a. It is seen that the rate of changing ymin
a

increases as the CNT shortens. A film consisting of shorter
CNTs is closer to the percolation threshold; therefore, even a
minor increase in the alignment degree can result in the
removal of a considerable number of conducting paths. For
this reason, the value of the parameter ymin

a approaches 90� in
the case of very short CNTs.

Figure 18b plots the dependences of the normalized
resistance of composites on the angle ym calculated at
ya � 18� for three CNT lengths l. The value of ya � 18�

was chosen for calculations, because the influence of ym on
the resistance is most prominent at a high alignment degree
(see Fig. 17b). At lower values of ya, the percolation
threshold is not reached even in the case of low ym. The
power index b involved in Eqn (19) and evaluated on the
basis of the calculated results of Fig. 18b increases with the
nanotube length (b � 1:7, 2.9, and 3.75 for l � 1:5, 2, and
3 mm, respectively). This dependence differs qualitatively
from that evaluated from the data in Fig. 18a. Since the
number of conducting paths is higher from the outset for
films with longer CNTs, a change in the direction of
measuring the conductivity with respect to the alignment
direction decreases the number of conducting paths to a
higher degree (and therefore increases the resistivity) in the
case of films with longer CNTs. This is reflected in the
enhancement of the parameter b.

The dependences of the normalized film resistivity on the
CNT alignment angle, calculated for films of various CNT
densities at ym � 0� [229], are exhibited in Fig. 19a. As can be
seen, the influence of CNT density on the values of
parameters ymin

a and a is not as prominent as the influence
of the nanotube length. The dependence of the percolation
probability P on the alignment angle, calculated for various
values of CNT density and presented in the inset to Fig. 19a,
indicates a notable dependence of the percolation threshold
position on the CNT density. Thus, at n � 1 mmÿ2, the
transition from P � 1 to P � 0 occurs for ya930�, while at
n � 3 mmÿ2 this transition begins for ya95�.

The dependences of the normalized film resistivity on the
CNT alignment angle, calculated for films of various CNT
densities at ya � 18� [229], are shown in Fig. 19b. The
magnitudes of the parameter ymin

a � 50�, 45�, 45�, and 40�

and the power index a � 2:8, 3.0, 2.9, and 2.9 correspond to
the values of n � 1, 1.5, 2, and 3 mmÿ2, respectively. The
influence of the CNT density on the power index b is less
prominent than the above-noted influence of the CNT length.
The dependences of the percolation probability P on the
measurement angle, calculated for the same values of the
CNT density, are shown in the inset. As is seen, the influence
of the CNT density on the percolation threshold position is
quite essential. Thus, in the case of n � 1 mmÿ2 the transition
from P � 1 to P � 0 occurs for ym07�, while for n � 3 mmÿ2

this transition begins for ym050�.
Dependences of the resistivity of CNT films of various

sizes l on the alignment angle were calculated in Ref. [229]
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Figure 18. (a) Dependences of the normalized composite resistivity on the

angle between the measurement direction and the CNT alignment angle,

calculated for nanotubes of various lengths at ym � 0� (total alignment).

The positions of the minimum resistivity ymin
a � 55�, 45�, and 30� and the

values of the power index a � 2:9, 2.9, and 1.6 correspond to lCNT � 1:5, 2,
and 3 mm, respectively. The inset presents the dependence of ymin

a on the

CNT length. (b) Dependences of the normalized composite resistivity on

the angle between the measurement direction and the CNT alignment

angle, calculated for nanotubes of various length at ya � 18� [229].
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with a view to establish the influence of the sample size on the
percolation behavior of composites. Results of these calcula-
tions performed at ym � 0� are given in Fig. 20. The
magnitudes of the parameter ymin

a � 35�, 45�, and 45� and
the power index a � 0:9, 2.2, and 2.9 correspond to the values
of l � 2, 4, and 7 mm, respectively. In shorter samples, the
circuit can be closed by one nanotube. The longer the sample,
the greater the number of nanotubes necessary to close the
circuit, and this quantity increases as the alignment degree
increases. This fact explains the increasing dependence of the
parameter a on the sample longitudinal size.

The character of the ymin
a dependence on the longitudinal

sample size is explained in a similar manner. The dependences
of the normalized resistivity on the measurement angle,
calculated for the longitudinal sample sizes l � 2 and 7 mm
at ya � 18�, are shown in the inset. The relevant values of the
power index b are 4:9 and 2.9. As in the above-considered
example, even a minor increase in the measurement angle in
the case of short samples results in elimination of a notable
number of percolation paths, which causes a stronger
dependence of the conductivity on the measurement angle

for shorter samples. Therefore, the shorter the sample, the
higher the power index b.

3.6 Composite in an alternating field
Themain peculiarity of the AC electrical conduction in CNT-
doped composites relates to the displacement current, due to
which the formation of percolation conducting paths is not
required to provide nonzero conduction. In this case, the
percolation threshold position depends not only on the
conducting filler loading but also on the frequency. In
principle, the percolation threshold notion at quite high
frequencies is entirely absent, because the main contribution
to the conduction is due to the displacement current that
occurs at any filler loading. The behavior of CNT-doped
composites in an alternating field was simulated by the
authors of Ref. [232], who applied the inverse matrix method
[233, 234] to calculate the complex impedance.

In accordance with this approach, CNTs form a ramified
electrical network whose total resistance is evaluated through
a numerical method on the basis of the standard Kirchhoff
laws. Therewith, two limiting case are considered, for one of
which (NT-limited case) the total resistance of the network is
determined by the resistance of individual CNTs involved in
its structure, while for the other one (CR-limited case) the
total resistance of the network is determined by the magni-
tude of the contact resistance between neighboring nano-
tubes.

A composite polymer/CNTwasmodelled by a 2D film for
which the frequency dependence of the complex permittivity
and the spatial distribution of the current over the material
were calculated. Nanotubes l in length are characterized by
the resistance R. The specific capacity accounted by the unit
area is C. According to the procedure developed in Refs [233,
234], the composite is represented in the form of an RC
circuit, so that the resistance r � R=N is ascribed to each part
of aCNTbetween the contacts, whereN is the total number of
contacts inherent in the nanotube under consideration, which
depends on the alignment degree. The angle between the CNT
axis and the vertical axis corresponding to the electrical field
direction is y. The degree of alignment of CNTs in a
composite is determined by the maximum orientation angle
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(cutoff angle) ym. The homogeneous distribution of CNTs by
angles y within the interval

ÿym 4y4ym �20�
is assumed. The CNT concentration n is defined as the
number of nanotubes positioned in a square l 2 in area. It is
believed that the nanotube centers are spread in an arbitrary
manner inside this square. The intertube contact resistance is
set to Rc.

The electrical properties of a material in an alternating
electric field are characterized by the complex conductivityY,
which is expressed through the effective conductivity tensor
s eff and the effective capacity tensor C eff by the standard
relationship

Y � s eff � ioC eff ; �21�
where o is the AC frequency. The complex conductivity is
expressed through the frequency-dependent complex dielec-
tric constant e�o� by the relation Y � jYj exp�iF�, where
Im �e�=Re �e� � 1= tanF.

In numerical calculations, the sample size L was set to
L � 10l, and the mesh size was set to D � L=20. The
calculations were performed for three values of CNT con-

centration in the composite: nl 2 � 6, 7, and10.The finitemesh
size effect manifests itself as the concentration decreases,
approaching the percolation threshold, which results in an
overestimation of the conductivity. As D decreases, the finite
mesh size effect weakens and becomes negligible atD � L=30.
However, themesh size was chosen to beD � L=10 in order to
shorten the computational time. Calculations imply that at
such a mesh size the error caused by the finite mesh size effect
does not exceed 10%. Each point was obtained as a result of
averaging over 100 runs for various samples. The magnitude
of 1=R or 1=Rc in the CR-limited case was accepted as the
effective conductance s eff. As the effective capacitance, the C
value was taken. The o frequency was expressed in units of
1=RC.

Figure 21 demonstrates the dependences of the vertical
(longitudinal) s eff

v (a) and horizontal (transverse) s eff
h (b)

components of the effective conductivity on the CNT
content, calculated for the NT-limited case at various values
of ym [232]. As is evident, an increase in the CNT alignment
degree is accompanied by an increase in the difference
between the vertical and horizontal conductivities. The
relevant positions of the percolation threshold, calculated
within the framework of the continuous stickmodel [188, 189,
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227], aremarked by the arrows. As indicated by the calculated
data, decreasing the ym value results in an increase in the
percolation threshold position. It should be noted that the
percolation threshold positions depicted in Fig. 21 coincide
within a 2% accuracy with the results of more comprehensive
calculations [235] performed with the usage of a finite element
method.

Components of the DC composite effective conductivity
vs alignment angle are presented in Fig. 22. While the
horizontal component of the conductance increases mono-
tonically with ym, the vertical one reaches the maximum value
at ymax

m , which decreases with increasing the CNT content n.
Such a behavior of the conductance has been considered
above and observed experimentally [119].

Figure 23 exhibits the frequency dependences of the
effective conductivity, effective capacity, complex permittiv-
ity angle, and dielectric loss factor, calculated for the isotropic
case at various CNT contents. When the CNT loading
exceeds the percolation threshold in a low frequency region,
o5 1=RC, the effective conductance does not depend on the

frequency, while in a high frequency region the monotone rise
of the conductance with the frequency is observed. At a filler
loading below the percolation threshold, lowering of the
frequency is accompanied by a decrease in the conductance
to the zero level. As to the effective capacitance, its value
demonstrates a monotonic decrease with the rise in the
frequency independent of CNT loading; however, this
parameter saturates in the high-frequency region.

The argument F of the complex permittivity increases
monotonically from 0 to p=2 for conducting composites,
while for nonconducting composites its value is close to p=2
at all frequencies excluding the vicinity of 1=RC. The dielectric
loss factor for conducting compositesdecreasesmonotonically
with the rise in the frequency, while for nonconducting
composites it shows a small peak at a frequency close to
1=RC. Such a behavior is in agreement with the experimental
results [172].

The concentration dependences of the composite con-
ductivity calculated for NT-limited composite resistivity
are compared in Fig. 24 with those for the CR-limited
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case. CR-limited conduction demonstrates a sharp concen-
tration dependence at a filler loading exceeding 2nc (nc is the
percolation threshold position) both in the case of an
isotropic conductor and in the case of CNT alignment. At
the same time, the behavior of both types of conductors is
similar in the region below 2nc. The dependences of the
vertical conductivities on the alignment angle ym were
calculated for the purpose of establishing the influence of
the alignment on the effective composite conductance. The
dependences of the vertical conductivity of samples on the
alignment degree, calculated for the CR- and NT-limited
cases, are compared in Fig. 25. As is evident, the CR-limited
conductance is characterized in this case by a smoother
lowering when exceeding the peak value ymax

m of the angle
than in the case of NT-limited conductance.

The physical origin of the nonmonotone behavior of the
CNT alignment dependence of the vertical (longitudinal)
conductance component has been considered above (see text
in Section 3.3 to Fig. 17). At the same time, the horizontal

(transverse) conductance component increases in amonotone
manner as the angle ym increases, i.e., the alignment degree
decreases. Therewith, the growth of the angle ym is accom-
panied by an increase in the number of percolation paths in
parallel with a decrease in the degree of their meandering.
Both these factors promote an increase in the horizontal
conductance.

Calculations indicate that the dependences of the
composite conductance on CNT loading in the case of
CR- and NT-limited conduction mechanisms are somewhat
different. This can be seen from a comparison of data
presented in Fig. 26. The power index t characterizing these
dependences has the same value for both vertical and
horizontal conductance components; however, it depends on
the conduction mechanism. In the case of CR-limited
conduction upon CNT loading above 2nc, this parameter is
t � 1:3. This value corresponds to the classical 2D percola-
tion model [7±10]. However, in the case of CN-limited
conduction, this value declines to � 1:0. Such a distinction
contradicts the conclusion of the classical study [227]. This
distinction can be explained through the argument [236], in
accordance with which upon redoubling the number of
intersections of nanotubes at a parallel connection, the
conductance increases twofold in the NT-limited case and
fourfold in the CR-limited case. This results in a less strong
concentration dependence of the conductance (t � 1:0) in the
CN-limited case.

An important problem arising when simulating the
electrical properties of CNT-doped nanocomposites relates
to establishing the mechanism of current passage through the
contacts between adjacent nanotubes. The authors of many
known studies use an arbitrary assumption about the value of
the contact resistance instead of the comprehensive solution
to this problem. Reference [237] whose authors paid special
attention to the contact problem can be considered an
exception. In this work, the percolation conduction of CNT-
doped composites is simulated making use of the standard
Monte Carlo method, in accordance with which nanotubes
are assumed to be spread in a randommanner inside a cube of
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unit size filled with a polymer matrix. An allowance for the
deviation of the CNT structure from the rectilinear one is also
made.

According to the approach developed, the total electrical
resistance Rtot of the percolation network formed by
nanotubes is fully determined by nanotube's (Rt) and contact
(Rc) resistances:

Rtot � Rt � ncRc ; �22�
where nc is the number of contacts. The equivalent electrical
scheme of the nanocomposite is represented through the CNT
resistance Rtot and polymer matrix resistance Rpolym put in
parallel, so that the effective resistance of the nanocomposite
is expressed as

1

Rcom
� 1

Rtot
� 1

Rpolym
: �23�

Usually, one has Rpolym 4Rtot, so that Rcom � Rtot. The
effective electrical conductivity s of the sample is also
expressed in a standard manner through its resistance and
dimensions:

s � lcom
RcomAcom

; �24�

where lcom and Acom are the length and cross section area of
the sample.

3.7 Modeling contact phenomena
A comparison of the results of measuring the conductance of
CNT-doped composites with calculated data obtained in the
framework of the percolation theory indicates that the
absolute value of the conductance is several orders of
magnitude lower than that obtained supposing a good inter-
tube electrical contact. In real situations, as was noted above,
the contact resistance as a rule exceeds notably a typical
nanotube's resistance. For this reason, the absolute value of
the composite conductance near the percolation threshold is
virtually completely determined by the contact resistance. In
this connection, the main effects determining the contact
resistance of intersecting nanotubes will be considered below.

The simplest approach to describe the intertube surface
contact resistance is based on the model of electron tunneling
through a potential barrier. Detailed calculations of the
contact resistance with the aid of this model were performed
in Ref. [238] within the framework of the perturbation theory.
According to these calculations, the resistance of the contact
between flat conductors separated by a dielectric layer is
expressed through the height of the potential barrier, applied
voltage, area of the contact, and permittivity of the dielectric.
Figure 27 presents the dependences of the intertube contact
resistance on the thickness of the epoxy resin layer separating
the nanotubes, as calculated in Ref. [239] on the basis of the
above-described approach [238]. The exponential dependence
of the contact resistance on the thickness of an isolating layer
is a characteristic feature of the tunnel conduction mechan-
ism. Some departure from this dependence observable at large
thicknesses of the dielectric layer is caused by the influence of
the applied voltage on the potential barrier parameters. For
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comparison, notice that the typical conductivity of nanotubes
amounts to about 106 S mÿ1, so that the resistance of a
nanotube several microns in length and about 1 nm in radius
amounts to about 106 O. Therefore, the contact resistance
limits the nanocomposite conductance if the thickness of the
dielectric layer exceeds 0.5 nm.

The model approach in Ref. [238] has resulted in the
following approximate dependence of the barrier tunneling
probability on the thickness of the dielectric layer d [240]:

T / exp

�
ÿ dÿD

dtun

�
; �25�

where dtun � �h=
���������������
8meDE

p
is the characteristic tunneling

length, DE is the height of the barrier between CNTs and the
polymer, d is the minimum distance between the nanotube
axes, and D is the nanotube diameter. This formula permits
easily estimating that the tunneling probability forDE � 1 eV
and dÐD � 20 A

�
is less than 10ÿ10, and the resulting contact

resistance exceeds 1013 O. Such a high contact resistance is
virtually equivalent to the absence of intertube electrical
contact; therefore, the nanotubes separated by a polymer
layer > 20 A

�
thick can be considered to be electrically

isolated.
If the nanocomposite conductance is determined by the

intertube contact resistance, the statistical spread of contact
resistances in the material plays an essential role. According
to the above-mentioned semiclassical tunneling model, this
distribution relates to the distribution of the intertube
distances in contact points. The conductance of CNT-doped
nanocomposites, taking into account the statistical spread of
intertube contacts, is usually calculated using the Monte
Carlo method. In doing so, most authors assume that the
intertube distances are spread homogeneously within the
interval (dmin, dmax), where the lower limit stands for the van
der Waals distance between pure nanotubes, and the upper
one is determined by the maximum acceptable resistance.

However, the distribution of the intertube distances in
contact points is not homogeneous in reality, as was noted by
Grimaldi et al. [241]. Specifically, there is some fraction of
contacts not containing polymer molecules. In this case, the
average intertube distance is close to the equilibrium van der
Waals distance between graphene layers: 3:4 A

�
. For the

second group of contacts, containing matrix molecules, the
minimum intertube distance is also limited by the van der
Waals interaction between the intercalated molecules and the
nanotubes, thus amounting to about 6 A

�
. Therefore, the

distribution function for the distances between the filler
particles and, correspondingly, the contact resistance distri-
bution function should possess two peaks relating to contacts
containing and not containing intercalated polymer mole-
cules. Therewith, since the minimum intertube distance
cannot be less than 6 A

�
in the presence of polymer molecules

within the contact, the value of the contact resistance
substantially exceeds that of a nanotube.

However, the contact resistance can be rather high even in
the absence of a polymer layer between nanotubes in the
contact point. To analyze the physical origin of such an effect,
it is appropriate to consider the resistance of model intertube
nanocontacts and its dependence on contact parameters.
Taking into account quantum mechanical effects, the con-
tact resistance can be conveniently described through the
Landauer±Buttiker formalism developed for modeling the
charge transport. According to this formalism, the contact

resistance can be represented as follows:

Rc � 1

G0

1

MT
; �26�

where M is the number of conducting paths, T is the
transmission coefficient, and G0 � 1=12:9 kO is the ballistic
conductance quantum. The transmission coefficient can be
evaluated at the atomic level applying the Green's function
method.

The simplest configuration of the intertube contact
corresponds to the case of parallel arrangement of nano-
tubes, which is characterized by the intertube distance and the
length of the overlapping region. Atomic calculations of the
contact resistance have stated that the conductance of the
contact between parallel nanotubes depends weakly on a
tube's size. However, this parameter depends critically (in a
nonmonotonic manner) on the overlapping region length and
the nanotube chirality [242]. The dependence of the con-
ductance on the overlapping region length is characterized by
oscillations relating to both the periodic structure of
nanotubes and the Fermi wavelength of the electron and the
relevant quantum interference in the contact region. For
contacting nanotubes possessing a similar chirality (for
example, armchair/armchair or zigzag/zigzag), the contact
conductance can reach 4G0 (the conductance of an ideal
nanotube) at a contact length of about 10 nm (see Fig. 28).
However, the contact conductance is about an order of
magnitude lower at the overlapping region length of about
1 nm.

Calculations indicate the occurrence of minima in the
dependence of the conductance on the electron energy, which
are caused by the existence of quasibound states in the contact
region, promoting the resonance scattering of charge carriers.
Computations [242] performed for contacting single-walled
nanotubes of different chiralities indicate that the intertube
contact conductance is considerably lower in this case (on the
order of 0:01G0) even at the overlapping region length of
10 nm. This is caused by the violation of the electron
momentum conservation law or the charge transport
between the nanotubes having a different chirality and
therefore possessing a different electron structure. Such a
difference essentially lowers the electron tunneling probabil-
ity between different nanotubes.
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In other words, the electron conductance of the contact
between defectless nanotubes with different chiralities is
relatively low due to a disparity between the longitudinal
components of the electron wave vector in adjacent nano-
tubes. In this case, the parallel nanotubes behave like
independent conductors. The results of calculations [243]
imply that the occurrence of structural defects in nanotubes
(such as vacancies) can promote electron tunneling between
non-commensurate nanotubes. Thus, a single vacancy in the
region of contact between CNTs with a chirality of (10,10)
and (18,0) and with an overlapping region about 10 nm in
length raises the conductance to 0:01G0. In the presence of
several noncoherent defects, the conductance is proportional
to the number of defects. The maximum conductance is
reached at the overlapping region length which is on the
order of the electron scattering length le in a defective
nanotube [244]; however, the maximum conductance is still
much lower than the conductance quantum G0 (Fig. 29).

The dependence of the contact conductance for intersect-
ingmetal nanotubes on the contact geometry has been studied
in Refs [245, 246] with the use of the Landauer±Buttiker
formalism and the Hamiltonian of a tight binding method.
The value of the conductance is dictated by the intertube
distance and depends in a nonmonotonicmanner on the angle
between the intersecting nanotubes, which determines the
contact area (Fig. 30). It was found that the dependence of the
contact conductance on the intersection angle usually exhibits
three peaks. These peaks correspond to the angle for which
the consistency between the nanotube's structures in the
contact point is maximum. Therefore, the key parameters
determining the contact conductance are the nanotube
chirality and the intersection angle; in most cases, however,
the maximum conductance is considerably less than the
conductance quantum G0.

The mechanism of electron transport between nanotubes
of different chiralities has been studied in detail in Ref. [247]
with the use of the Landauer±Buttiker formalism. It has been
revealed that an elongated weak potential providing electron

scattering with a change in the momentum is sufficient for an
enhancement of the transmission coefficient. Such a potential
can be formed by adsorbed molecules, polymer chains, and
phonons propagating in nanotubes. Therefore, this investiga-
tion predicts that the presence of polymer molecules in the
contact region can facilitate electron transport through
contacts in CNT-doped nanocomposites.

The dependence of the contact resistance between
nanotubes connected by the ends and separated by a polymer
layer on the intertube distance has been studied in Ref. [248]
taking advantage of the atomic modeling method. The
polymer structure at a fixed arrangement of nanotubes was
calculated by the molecular dynamics method with the
utilization of empirical potentials. The contact resistance for
a given atomic polymer structure was calculated on the basis
of the density functional theory (DFTB) with the use of the
Green's function and tight binding Hamiltonian. In doing so,
the contact resistance was evaluated as a result of averaging
over many configurations found from the molecular dynamic
trajectory. Therefore, this approach permits taking into
account the influence of thermal fluctuations on the compo-
site conductance.

Calculations have shown (see Fig. 31) that the depend-
ences of the contact resistance on the intertube distance at
small distances (< 6 A

�
) and at large distances (> 6 A

�
) are

different, which may be attributable to the absence of
polymer molecules between nanotubes at small intertube
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distances. Indeed, as is seen from the picture, the transmission
coefficient at large distances (> 6 A

�
) can exceed that at small

distances, which can be explained, on the one hand, by the
lowering of the potential barrier for tunneling at the
intercalation of a polymer molecule and, on the other hand,
by an enhancement of the electron tunneling probability
under the action of the perturbing potential of the inter-
calated molecule. At small intertube distances, there is direct
tunneling of electrons through a vacuum with the barrier
about 5 eV in height, while the existence of a polymer layer
between the nanotubes results in lowering the barrier height
to about 3 eV.

The calculated results obtained in Ref. [248] are in
qualitative agreement with the results of atomistic simula-
tions of the contact resistance for two nanotubes intersecting
at a right angle. These simulations imply that the penetration
of one polymer layer between filler particles causes a decrease
in the contact resistance almost to the intertube resistance at
the van der Waals distance (3:4 A

�
). Therefore, the depen-

dence of the contact resistance on the distance between filler
particles in a polymer matrix is not a monotonically
increasing function having an intermediate minimum at the
penetration of the first molecular polymer layer, which occurs
at the intertube distance of about 6 A

�
.

Lowering of the contact resistance and improving the
conductance can be reached using nanotube decoration with
transition metal atoms [249]. Atomistic calculations of the
intertube contact conductance, performedwith application of
the Green's function method, have shown that the hybridiza-
tion of d-orbitals of a transition metal atomwith p-orbitals of
carbon atoms belonging to CNTs offers an opportunity to
enhance considerably the electron tunneling probability and
to reach the conductance of 0:8G0. The best results for the
contact conductance were obtained for Ti, V, andCr atoms. It
has been proposed to dope the carbon nanotubes with
nitrogen that is bound firmly with transition metal atoms,
enhancing the adsorption energy for nanotubes. The experi-
mental findings [250] have clearly demonstrated that the
decoration of CNTs with metal clusters results in an increase
in the nanocomposite conductivity to magnitudes on the
order of 1 S cmÿ1.

Experimental values of the contact resistance in CNT-
doped composites are usually evaluated by comparing the
calculation magnitudes of the composite conductivity
obtained by the Monte Carlo method with the relevant
experimental data. Thus, the conductivity of a composite
based on an epoxy matrix doped with single-walled and
multiwalled nanotubes, measured in Ref. [251], fell in the
range 10ÿ8 to 10ÿ9 S cmÿ1, which resulted in the estimate of
the contact tunneling resistance of 1012ÿ1013 O. This value of
the contact resistance corresponds to a polymer layer about
1.0±1.1 nm thick. A similar estimation of the contact
resistance (1013 O) was made in Ref. [226], being guided by a
comparison between the results of 3D Monte Carlo simula-
tions and the relevant experimental data [252]. An estimation
of the tunneling resistance between aligned nanotubes
(107ÿ1010 O) was performed in Refs [253, 254] on the basis
of measurements of the longitudinal conductivity of thin-film
nanocomposites dopedwith vertically alignednanotubes.This
estimate corresponds to a polymer layer thickness of about
0.6±1.0nm.Therefore, a comparisonof simulation resultswith
experimental data confirms indirectly the existence of a thin
polymer layer between filler particles in the contact point,
which enhances considerably the contact resistance.

It should be noted that the assumption of a random
distribution of nanotubes over the polymer matrix is not
always obeyed. The experimental data [255] indicate that the
CNT aggregation in a viscous matrix occurs in the course of
time and is usually accompanied by an increase in electrical
conductivity. The main mechanisms of the aggregation relate
to either hydrodynamic phenomena and the attendant
emergence of shear stresses or electrostatic effects caused by
the action of external electric fields. Thus, it was shown in
Ref. [207] that the formation of conducting networks from
nanotubes occurs under the action of an alternating electric
field applied during the polymerization of the matrix. Such a
self-organization of nanotubes in a polymer matrix may
influence the properties of intertube contacts. Some struc-
tures that can form particularly in a CNT-doped polymer
matrix are illustrated in Fig. 32 [256]. The contacts in such a
structure are characterized by a long length and therefore
should possess a high conductance.

Therefore, the analysis of the electrical properties of
nanotube contacts in a polymer material demonstrates that
the nanocomposite conductivity is limited, as a rule, by the
intertube contact resistance. Therewith, the contact resistance
substantially depends on the nanotube's structure and
contact geometry (intertube distance, transection angle). A
high magnitude of contact resistance in a nanocomposite can
be caused both by a large intertube gap due to the penetration
of polymer molecules between the nanotubes, which lowers
the tunneling probability and by a difference in the electron
structures of contacting nanotubes. Specifically, the incom-
patibility of longitudinal electron wave vectors in adjacent
nanotubes results in a rather low probability of electron
transport between nanotubes with different chiralities. In
this case, the contact conductance is considerably lower than
the conductance quantum limit.

While the percolation threshold is mainly determined by
the geometric parameters of nanotubes (such as the aspect
ratio and the curvature) and the structural properties of the
nanotube assembly (degree of dispersion, distribution homo-
geneity, orientation and ordering of nanotubes), the absolute
value of nanocomposite conductivity after reaching the
percolation threshold is mainly determined by the properties
of intertube contacts which depend on the functionalization
of nanotubes, properties of the polymer matrix, and condi-
tions of nanocomposite production. Specifically, a strong
interaction between a filler and a polymer matrix (for
example, due to functionalization of the filler surface)
improves the dispersion of the filler in the matrix; however,
it can promote an enhancement of the contact resistance
because of the sharp decrease in the tunneling probability.

Properties of the intertube contacts can be changed,
controling the interaction energy between CNTs and the

Bundle

Nanotube

Bundle

Cluster

Figure 32.Multiscale structures of aggregated CNTs in a polymer matrix,

considered in Ref. [256].
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polymer matrix. It was shown by Zeng et al. [257] that the
usage of annealed CNTs having a reduced number of polar
groups on their surface permits lowering the surface energy of
nanotubes and the energy of adhesion of a polyoxymethylene
matrix, which should result in a less coverage of nanotubes
with polymer molecules in accordance with the high electrical
conductivity of the nanocomposite obtained.

A strong dependence of the conductivity of CNT-doped
nanocomposites on their structure can be used to measure
mechanical stresses by means of these materials and develop
sensors built around them [258]. A mechanical deformation
of a nanocomposite causes a change in the filler structure that
can be described in the framework of the fiber reorientation
model through the rotation, displacement, and tension of
filler particles [259, 260]. Such a structural modification
causes a change in the thickness of the interfiller polymer
layer, which is reflected in the change of the contact
resistance. The decrease in the polymer layer thickness due
to the deformation of the polymer matrix along the filler
particle is determined by the Poisson ratio nm of the matrix.
The sensitivity of the contact resistance Rc to small strains e
can be estimated through the following expression

DRc=Rc

e
� nm

dÿD

dtun
4 1 : �27�

The results of the above analysis are in agreement with the
available experimental data on the dependence of the
composite conductivity on small mechanical stresses. The
dependences of DRc=Rc on the relative strain e measured in
Ref. [258] for composite polycarbonate/MWCNT (see
Fig. 33) demonstrate that the ratio �DRc=Rc�=e can reach 20
at low CNT loadings.

4. Conclusions

The analysis of extensive experimental data reveals that the
addition of CNTs to a polymermatrix results in a nonpropor-
tional increase in the electrical conductivity of the composite
produced. The composite conductivity can increase by 8±

10 orders of magnitude, transforming the material from an
insulator into a conductor as a result of CNT loading at the
level of 0.1 wt.%. Such a transformation has a percolation
character, in accordance with which, upon exceeding some
loading (the percolation threshold), nanotubes in the polymer
matrix form conducting paths providing the charge transport.
The data related to the percolation threshold and the
maximum magnitude of the conductivity measured for
materials of the same composition are characterized by a
considerable spread, which is caused by a spread in the
properties of CNTs, their possible aggregation and align-
ment, various degrees of homogeneity of the composite, and
other factors that are determined by conditions of sample
preparation.

In such a situation, efforts addressed at modeling the
electrical properties of CNT-doped composites play a special
role. Execution of model calculations permits establishing the
dependences of the electrical characteristics of composites on
such factors as the length and aspect ratio of CNTs, their
conductance, the intertube contact resistance, the possibility
of formation of a thin polymer film surrounding CNT surface
and inhibiting the electrical contact formation, violation of
the rectilinear CNT structure, degrees of their aggregation
and the alignment, etc.

Modeling the electrical properties of CNT-doped compo-
sites is based mainly on the Monte Carlo method, which
permits a description and analysis of percolation circuits of
arbitrary structure with any physical and chemical properties.
In spite of a large number of studies devoted to the numerical
modeling of the electrical properties of CNT-doped compo-
sites using the Monte Carlo method, many issues related to
this problem still remain unclear. Thus, the authors of most
publications usually proceed from the belief that all the
nanotubes involved in the composite possess similar char-
acteristics (length, aspect ratio, and conductance). Moreover,
the resistance of the intertube electrical contact is assumed to
be fixed.

The above assumptions are inspired by shortening the
computing time and do not correspond to the real physical
situation. One can believe that the further development of
computer techniques and supercomputers will permit the
creation of models free from the above and other simplifying
assumptions. Such models will form the basis for the wide
development and utilization of new composite materials
combining the mechanical and optical properties of poly-
mers with the electrical properties of CNTs.

However, in order to ensure the production of composites
with predictable characteristics, it is necessary to modify the
technology used to prepare such composites, in parallel with
the development of methods of their modeling. An analysis of
the situation performed on the basis of the available
experimental data and simulation results indicate that the
intertube contact resistance depends on such factors as the
occurrence of polymer molecules within the contact region,
which hinders electron tunneling through the contact, and the
interrelation between the chiralities of contacting nanotubes.
These factors are hardly controllable by experimenterlists,
which is why the data on the conductivity of CNT-doped
composites are characterized by a considerable spread, as
seen in Table 1. The approaches demonstrated recently and
directed to the improvement of the intertube contact condi-
tions include the functionalization of nanotubes with radicals
or metal atoms, as well as the usage of nanotubes doped with,
for example, nitrogen. The problem of conjugation of
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nanotubes of different chiralities is resolved through the
utilization of defective nanotubes, which permits partially
overcoming the difficulty of their contact related to non-
conservation of the electron momentum.

The practical importance of the problems of the develop-
ment and usage of CNT-doped polymer composites is
connected directly with the issue of the stability of such
composites and the stability of their physical and chemical
properties. The stability of such systems is mainly determined
by the stability of the polymer matrix which is prone to
thermal degradation. It has been found [123, 261, 262] that
doping a polymer matrix with CNTs, as well as with clay
particles, results in an enhancement of the stability of the
material in relation to thermal degradation. Therewith, the
temperature of the maximum rate of the weight loss increases
by about 10%, and the absolute value of the weight loss can
decrease by more than 50%. This permits the usage of this
material as a flame retardant and fire proofing.

Considering the thermal stability of a polymer material, it
should be realized that the thermal stability relates to
rheological characteristics of the material and inserting
nanoparticles allows a considerable enhancement of the
nanocomposite viscosity. The rheological properties of
nanocomposites also demonstrate the threshold dependence
on nanotube content. However, the percolation threshold in
this case is lower than that for electrical conduction [112].

It should be noted that the development of investigations
of CNT-doped polymer composites has an impact on the
general methodology of the approach to the theoretical
description of such systems. In particular, in the usage as a
filler of nanotubes having a high aspect ratio, the problem of
anisotropy of physical, chemical, and specifically electrical
properties comes to the forefront. Brief mention has already
been made of this problem at the end of the present article;
however, in spite of its practical importance, it has received
rather little attention in most theoretical work. The origin of
the occurrence of anisotropy in the physical and chemical
properties of a CNT-doped composite can be related to both
the fabrication procedure and the action of an external
electric field promoting the alignment of nanotubes in a
polymer matrix and corresponding spatial anisotropy in
composite properties. As far as we know there has never
been a theory describing the process of the orientation
ordering of CNTs in a liquid polymer matrix under the
action of an electric field. Building and developing such a
theory could promote further advances in the field of
composite materials with conducting fillers.
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