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Influence of Structural Defects on the Electrical Properties
of Carbon Nanotubes and Their Polymer Composites**
By G. Domı́nguez-Rodrı́guez, A. Tapia, G. D. Seidel and F. Avil�es*
The influence of carbon nanotube (CNT) structural damage (CNTSD) on the axial and transverse
electrical conductivities of CNT/polymer composites is explored through a hierarchical multiscale
modeling strategy. The composite cylinder and Mori–Tanaka’s methods are used to model effective
representative volume elements of CNT/polymer composites containing different fractions of defects.
The axial and transverse CNT conductivities are adversely influenced by CNTSD, with the decrease
being more pronounced for small radius CNTs. The predictions indicate that an 8% fraction of
CNTSD decreases the axial and transverse conductivities of composites containing randomly
oriented CNTs by 25–30%. Similar reductions in conductivity are found for both random and
clustered damage.
1. Introduction electrical behavior,[5] and it is accepted that armchair
The applications of polymer composites reinforced by
the addition of carbon nanotubes (CNTs) are numerous,
specially for situations where low density, high strength,
and multifunctionality are relevant.[1] The mechanical, and
especially electrical properties of polymers are drastically
enhanced by the addition of low volume fractions of CNTs,
creating multifunctional materials.[2–4] A theoretical for-
mulation based on chirality exists to predict the CNT
[*] Dr. A. Tapia
Facultad de Ingeniería, Universidad Aut�onoma de Yucat�an, Av.
Industrias no Contaminantes por Perif�erico Norte, CP 97310,
Cordemex, M�erida, Yucat�an, Mexico
Dr. F. Avil�es, Dr. G. Domínguez-Rodríguez
Centro de Investigaci�on Científica de Yucat�an, Calle 43 No.
130, Colonia Chuburn�a de Hidalgo, CP97200, M�erida,
Yucat�an, Mexico
E-mail: faviles@cicy.mx
Dr. G. D. Seidel
Department of Aerospace and Ocean Engineering, Virginia
Polytechnic Institute and State University, 228 Randolph Hall
(0203) Blacksburg, VA 24061

[**] This work was supported by CONACYT project No. 220513 of
Dr. Avil�es. The bilateral collaboration between CICY and
Virginia Tech was possible through the CONACYT-NSF award
No. 121257 (CONACYT) and OISE-1019395 (NSF). GDR
acknowledges CONACYT for his PhD scholarship and the
additional financial support for his visiting position at Virginia
Tech. GDR also acknowledges Adarsh Chaurasia for extensive
discussions and insightful ideas.

ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11 © 2016 WILEY-VCH
singlewall CNTs (SWCNTs) are metallic,[6,7] that is, without
a bandgap. Therefore, CNTs render polymer composites
with sufficient electrical conductivity to produce multi-
functional materials which may be used, for example, as
strain sensors.[8,9]

Different forms of structural damage have been reported
for CNTs and other graphene-like structures. One of the most
common and severe form of damage are vacancies, that is,
missing atoms in the periodic structure.[10,11] Vacancies can
be single (Figure 1a) or formed by more than one missing
atom (Figure 1b). Structural defects are commonly generated
during the CNT synthesis or by post-synthesis treatments
such as electron/ion irradiation or chemical methods.[11–16]

Vacancies can induce a bandgap in a metallic SWCNT, which
increases the electrical resistance and renders the SWCNT
semiconductive.[17,18] This feature depends on the number of
vacancies and the relative position between vacancies.[17,19]

In contrast, other studies have shown that in zigzag CNTs, a
single vacancy can change the CNTelectrical properties from
semiconducting to metallic.[18,20] Modeling structural defects
of CNTs by breaking individual C─C bonds has been
proposed in a few works.[21,22] Structural defects such as
vacancies are able to reconstruct their topology in order to
minimize the formation energy.[23,24] Vacancies reduce the
number of bonds by two or three bonds, with a correspond-
ing energy reconfiguration.[25,26] Modeling the dynamic
reconstruction process after bond elimination is a complex
task which demands dedicated ab initio computations[27,28]

which are very limited in the size of the molecule. For
realistic CNT length and for polymer composites, ab initio
Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1897



Fig. 1. Examples of topological defects present in CNTs. (a) Single vacancy, (b) double
vacancy.

Fig. 2. Material coordinate system and geometric parameters of a typical armchair
SWCNT, showing a unit cell (shadowed area).
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methods are not viable due to the excessive computational
burden. A classical electrostatic alternative which seems
plausible for large scale problems consists of simply
eliminating a bond or an atom, and using multiscale
hierarchical strategies to bridge scales from that of the
individual CNT to the full macroscopic nanocomposite.[29]

This classical electrostatic approach is followed here by
considering the nanotube as a network of metallic resistors
and using the Ohm’s and Kirchhoff’s laws of electrostatics
under appropriate boundary conditions. The structural
defects are then randomly generated using two patterns
(randomly dispersed or clustered) by sequentially removing
C–C bonds allowing for a classical electrostatic prediction
of the effects of defects on armchair (metallic) SWCNTs.
In order to carry this information forward to CNT/
polymer composites, the composite cylinder[30,31] and
Mori–Tanaka[32] methods are employed to predict the
electrical properties of axially oriented CNT/polymer
bundles and composites, respectively.
2. Methodology

2.1. Electrical Properties of a Transversely Isotropic SWCNT
CNTs are treated here as transversely isotropic electrical

materials which means that only two independent electrical
properties are needed to construct their electrical conductivity
tensor (sCNT

ij ). Those properties are the axial electrical
conductivity (sCNT

11 ) and the radial/hoop electrical conductiv-
ity (sCNT

22 ). Herein, the 1, 2, and 3 subscripts represent the axial,
radial, and hoop directions of the local material coordinates of
the SWCNT, respectively, whereas, x, y, and z are the
orthogonal axes of the global Cartesian coordinates, see inset
in Figure 2. The CNT electrical conductivity tensor is defined
by,[33]

sCNT
ij ¼

sCNT
11 0 0

0 sCNT
22 0

0 0 sCNT
22

0
BBBB@

1
CCCCA ð1Þ
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2.2. Atomistic Resistor Model of SWCNTs
Armchair SWCNTs of different chiralities were considered

ranging from (3,3) (with a radius R � 2 nm) to (10,10)
(R � 7 nm), and a total number of 200 unit cells (a total length
of L¼ 49.2 nm). This length, albeit short, keeps the problem
computationally tractable and was proven to yield mechani-
cal properties which are independent of the CNT length in a
previously analysis.[34] An equivalent wall thickness of t¼ 3.4
Å and a unit cell of height H¼ 2.46 Å were considered for
homogenization purposes, see Figure 2.

In order to simulate the electrical conductivity of SWCNTs,
an atomistic resistor model was proposed and initially
validated through the evaluation of configurations with
known solutions (series, parallel, and combinations of both).
The C–C covalent bonds were modeled as a set of resistors
following theOhm’s law; the C–Cbonds of armchair CNTs are
considered to be metallic, regardless of the adjacent bonds or
defects, that is,

Iij ¼
Fi �Fj

Zij
ð2Þ

where Zij is the electrical resistance of a C–C bond bound
by atoms (nodes) i and j, Iij is the current flowing between
the carbon atoms i and j, and Fi and Fj are the voltages at
the atoms (nodes) i and j. The Kirchhoff’s circuit law is
then used at each atom/node such that the current flowing
into the node is balanced by the current leaving the node,
that is,

Xni
j¼1

Iij ¼ 0 ð3Þ
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11
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where ni is the coordination number for node i. Combining
Equations 2 and 3 under the assumption that all bonds have
the same resistance (Zbond) yields,

niFi �
Xni
j¼1

Fj ¼ 0 ð4Þ

The boundary conditions used are Fi ¼ 0 for grounded
atoms and Fi ¼ VCNT for atoms where voltage is supplied. A
sparse linear system is constructed from Equation 4 which is
solved for the voltages. The total effective current flowing
through the SWCNT is obtained from Equation 2 as,

ICNT ¼ 1
Zbond

Xng
i¼1

Fi ð5Þ

where ng is the set of neighbors to the grounded nodes.
Thus, the effective electrical resistance of the CNT (ZCNT) is
obtained by,

ZCNT ¼ FCNT

ICNT
ð6Þ

Solving Equation 6 yields ZCNT which is proportional to
Zbond.

2.2.1. Damage Generation
The approach used here to simulate structural defects was

to sequentially eliminate C–C bonds. Two configurationswere
investigated depending on the sequence of bond elimination
followed: i) randomly generated (Figure 3a), and ii) clustered
(Figure 3b). Since each carbon atom has three bonds, breakage
Fig. 3. Schematic representation of the two cases of damage evolution considered. (a) Ran
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of three bonds may be considered as a vacancy in terms of
missing bonds. In the random evolution scenario, the bonds
are removed by generating random numbers following a
uniform distribution of probability from 0 to 1. The bond is
deemed broken if the randomly generated number is lower
than the fraction of broken bonds to be simulated (broken
bonds/total number of bonds). Due to the random nature of
the process, the computations were repeated numerous times
and the results averaged, reporting the average value of the
computed electrical property. A dedicated convergence
analysis showed that 40 repetitions yielded differences lesser
than 0.2% for all electrical conductivities and damage
scenarios with respect to results with 80 repetitions, and 40
iterations were thus deemed convergent.

CNT damage was also modeled following a clustering
pattern. In this approach, a 1% fraction of broken bonds was
randomly generated and subsequent broken bonds were
restricted to be chosen from the neighbors of the already
broken ones, generating clustered damage, Figure 3b.

2.2.2. Voltage Configurations
The voltage configurations used to obtain the axial and

hoop electrical conductivities of SWCNTs are depicted in
Figure 4. Adequate boundary conditions to obtain the axial
(Figure 4a) and hoop (Figure 4b) electrical conductivities were
imposed by setting specific edge nodes to constant voltage or
grounding (Vi ¼ 0).

In order to obtain the axial electrical conductivity of the
CNT (sCNT

11 ), all atoms at the top edge of the SWCNT (z¼L)
were set to a fixed voltage ofFi ¼ DFCNT, whereas all atoms at
the bottom edge (z¼ 0) were grounded (Vi ¼ 0), see Figure 4a.
The rest of the atoms were unrestricted and their voltages
dom, (b) clustered.

rlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 1899



Fig. 4. Configurations used to determine the axial and hoop electrical conductivities of
SWCNTs. (a) Axial electrical conductivity (sCNT

11 ), (b) hoop electrical conductivity
(sCNT

22 ).

Fig. 5. Schematic of the composite cylinder model used to obtain the electrical
conductivity of aligned CNT/polymer composites.
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evolved to equilibrium following the Ohm’s and Kirchhoff’s
laws. sCNT

11 was calculated by a homogenization process,
equating the resistance of the CNT given by Equation 6 to the
resistance of a continuous solid cylinder (ZCNT

11 ), that is,

ZCNT
11 ¼ L

sCNT
11 p Rþ t=2ð Þ2 ð7Þ

Zbond was obtained herein by solving Equations 6 and 7
considering a SWCNT. An axial electrical conductivity of
sCNT
11 ¼ 1� 105 Sm�1 was used to obtain Zbond considering

experimental values reported for CNTs.[35] Other values of
Zbond calculated for different SWCNTs are in the same order of
magnitude.

For the hoop electrical conductivity (sCNT
22 ), the atoms at

one side were set to a constant voltage Fi ¼ DFCNT, whereas
the atoms at the opposite side were grounded (Fi ¼ 0), see
Figure 4b. sCNT

22 was calculated by a similar homogenization
process to that employed for sCNT

11 , equating the electrical
resistance of the CNT to the transverse electrical resistance of a
continuous solid cylinder, which yields,[36]

ZCNT
22 ¼ 2

sCNT
22 pL

log
4d
d

� �
ð8Þ

Here, d is the chord length joining the anode and cathode
(d ¼ 2 Rþ t=2ð Þ) and d is the assumed arc length of both the
anode and the cathode. In our case, dwas considered equal to
the perimeter of the SWCNT divided by the number of atoms
in the unit cell (4nc, where nc is the chiral number), that is,

d ¼ p Rþ t=2ð Þ
2nc

ð9Þ

2.3. Prediction of Electrical Properties of Axially Oriented
CNT/Polymer Composites

2.3.1. Composite Cylinder Method
The composite cylinder method (CCM) originally pro-

posed by Hashin and Rosen[30] was used to predict the
1900 http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
electrical properties of composite materials formed by
concentric cylindrical layers. In the CCM, each layer
(numbered from 1 to N) represents a phase with its own
material properties, Figure 5. Here, r is the radial position
and u is the angle between the x and r axes. The CCM
was employed here to predict the electrical properties of
perfectly aligned polymer composites containing CNTs,
including an interphase, whose elastic properties were
assumed to vary linearly between those of the CNT and
matrix.[41] The number of interphase layers was set to N¼ 5,
which is enough to model the interphase without increasing
drastically the computational burden. The center (first phase)
represents the CNT, while the outermost phase (fifth phase)
represents the matrix; all phases in between represent
the interphase, see Figure 5. The matrix was considered
an isotropic material with an electrical conductivity of
1� 10�9 Sm�1 (associated with a typical epoxy poly-
mer[37,38]). In order to model different volume fractions in
the composite, the thickness of the outermost phase (matrix)
was varied. The first phase (SWCNT) starts at r¼ 0 and
ends at r ¼ Rþ t

2, which represents the interface with the first
layer of interphase. The last layer of the interphase (N� 1)
ends at r ¼ rN�1 ¼ Rþ t

2 þ ti, where ti is the interphase
thickness. The thickness of the CNT/matrix interphase
was set equal to the SWCNT wall thickness (ti¼ t) as
suggested by previous works.[39–41] Finally, the matrix ends
at r ¼ rN ¼ Rþ t

2 þ ti þ tm, where tm is the matrix thickness.
Since all phases have the same length (L), the volume

fraction of the CNT/polymer composite (vf) is calculated as,

vf ¼
Rþ t

2

Rþ t
2
þ ti þ tm

2
64

3
75
2

ð10Þ

The maximum volume fraction (vmax) available for each
CNT is obtained when tm ¼ 0.
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11
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The CCM was carried out for each armchair SWCNT
chirality investigated ((3,3) to (10,10)), as well as for the two
scenarios of damage generation depicted in Figure 3.

2.3.2. Calculation of Axial and Transverse Composite
Electrical Conductivity

Axial and transverse voltage configurations similar to those
depicted in Figure 4 for SWCNTs were used to obtain the
effective electrical conductivities of CNT/polymer composites
(s11 and s22) containing pristine and defective CNTs.

In order to calculate the axial (s11) and transverse (s22)
composite electrical conductivities, axial, and transverse
electrical potentials for ri�1 � r � ri were set as,[31,40]

F ið Þ
ax ¼ C ið Þ

1 zþ C ið Þ
2 ð11aÞ
F
ið Þ
tran ¼ D ið Þ

1 rþD ið Þ
2
1
r

� �
cos u ð11bÞ

whereF ið Þ
ax and F

ið Þ
tran are, respectively, the axial and transverse

electrical potential of the i-th phase and C ið Þ
1 , C ið Þ

2 , D ið Þ
1 , and D ið Þ

2
are unknown constants.

The electric field first order tensor is defined as,

Ei ¼ �F;i ð12Þ

where F can be either the axial (Fax) or transverse (Ftran)
electrical potential and the comma denotes spatial derivation.
The electrical flux is defined as,

Ji ¼ sijEj ð13Þ
The boundary conditions used to obtain s11 specify an

electrical potential along the SWCNT, that is,

FðiÞ
ax

��
z¼0

¼ 0 ð14aÞ

FðiÞ
ax

��
z¼L

¼ DFax ð14bÞ

where DFax is the difference of axial electrical potential
applied between z¼ 0 and z¼ L.

For the transverse electrical conductivity, the boundary
condition at the outer surface of the composite (r ¼ rN)
imposed on Ftran is

F
ðiÞ
tran

��
r¼rN

¼ E0rNþ1 cos u ð15Þ

where E0 is the applied electrical field. In order to avoid a
mathematical singularity,D ið Þ

2 in Equation 11b is set to 0 for the
first layer (i¼ 1).

The continuity equations for electrical potential and electric
flux are

F
ið Þ
tran

��
r¼ri

¼ F
iþ1ð Þ
tran

��
r¼ri

ð16aÞ

J ið Þ
2

��
r¼ri

¼ J iþ1ð Þ
2

��
r¼ri

ð16bÞ
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Following the approach of Hashin,[30] an energy integral
(W) is defined over the total volume as,

W ¼ 1
2V

Z
V

JiEidV ð17Þ

where V is the total volume. The energy integral for the
composite cylinder assembly is set equal to the energy of an
effective continuous and homogeneous cylinder, and the axial
and transverse electrical conductivities for the composite
cylinder assembly are obtained as,

s11¼
XN
i¼1

si
11
r2i � r2i�1

r2N

� �
ð18aÞ

s22 ¼ 1
r2NE

2
0

XN
i¼1

si
22 D ið Þ

1

� �2
r2i � r2i�1

� �� D ið Þ
2

� �2 1
r2i

� 1
r2i�1

� �	 


ð18bÞ

2.4. Mori–Tanaka’s Approach for CNT/Polymer Composites
The Mori–Tanaka’s (MT) method allows for the prediction

of electrical properties of a composite material constituted by
different phases, each of them with its own geometry and
material properties.[32] TheMTmethod is used here to predict
the electrical conductivity tensor of a CNT/polymer compos-
ite containing randomly oriented CNTs with different
chiralities and fraction of broken bonds. The electrical
properties of each phase are obtained from the CCM
calculations including the CNT and interphase only (matrix
thickness approaches zero).

In the MT method, the electrical conductivity tensor
of the composite material with axially oriented CNTs is
obtained as,[32]

sij ¼ sm
ij þ

XN
l¼1

vl sl
ik � sm

ik

� �
Al

kj ð19Þ

where sm
ij is the electrical conductivity tensor of the polymer

matrix, sl
ij is the electrical conductivity tensor of the l-th phase

(i.e., effective CNT and interphase for a specific chirality and
specific fraction of broken bonds), vl is the volume fraction of
the l-th phase, and N is the total number of phases. Al

ij is the
non-dilute electric field concentration tensor of the l-th phase,
transferring the electric field applied to the composite to the
coordinate system of each embedded phase. One way to
obtain Al

ij is by using an Eshelby-like tensor.[42,43] Using an
Eshelby-like tensor and an energetic equivalence between an
inclusion with residual electric fields and the phase to be
modeled, the non-dilute electric field concentration tensor for
the l-th phase is,[29]

Al
ij ¼ T̂

l
ik Mkj þ

XN
o¼1

voT̂
o
kj

 !�1

ð20Þ
rlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 1901



Fig. 6. Normalized axial electrical conductivity of defective CNTs as a function of fraction of broken bonds.
(a) Random damage, (b) clustered damage.
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 where Mij is the 3� 3 identity matrix, Soij is the

Eshelby-like tensor for the o-th phase, assumed
as a cylindrical inclusion, and T̂

o
ij is the dilute

electric field concentration tensor defined as,

T̂
o
ij ¼ Mij þ Soik so

kl

� ��1
so
lj � sm

lj

� �h i�1
ð21Þ

In order to specify the total CNT volume
fraction including the whole variety of CNTs
used in theMori–Tanaka formulation (Vf ), initial
volume fractions for each SWCNT varying the
chirality and fraction of broken bonds are
randomly generated following a uniform distri-
bution of probability. A vector is formed by the

randomly generated volume fractions (~vini). The vector of the
individual volume fractions of the phases (~v) to be used in the
MT method is defined as,

~v ¼ Vf~vini
~vini �~vmax

ð22Þ

where ~vmax is the vector containing the maximum volume
fractions of each SWCNT (when the thickness of the matrix
approaches zero).

In order to compute the electrical conductivity tensor of
composites containing randomly oriented SWCNTs, a rota-
tional transformation is applied to both the dilute electrical
field concentration tensor and the electrical conductivity
matrix of each phase. Then, a volumetric average is applied to
Equation 19 to obtain,

sij ¼ sm
ij þ

XN
o¼1

vi

4p

Z 2p

0

Z p

0
Qims

o
mlQkl � sm

ik

� �
Ao

kj sinfdfdu ð23Þ

where Qij is the rotational transformation matrix. The
volumetric average is applied to Equation 20 to obtain
the diluted electric field concentration tensor, which is
given by,

Ao
ij ¼ QikT̂

o
klQml Mmj þ

XN
p¼1

vo

4p
R 2p

0

R p

0
QmnT̂

p

noQjosinfdfdu

0
@

1
A

�1

ð24Þ
3. Results

3.1. Transversely Isotropic Electrical Properties of Defective
CNTs

The electrical properties of the investigated SWCNTs were
computed for the eight studied chiralities, varying from 0 to
8% fraction of broken bonds. This range is based on a
fragmentation analysis as a function of the fraction of broken
bonds, which suggested that after 8% fraction of broken bonds
the probability of CNT fragmentation is higher than 0.9, and
thus not statistically suitable for simulation. Figure 6 shows
1902 http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
normalized plots of the axial electrical conductivity of the
studied SWCNTs with both random (Figure 6a) and clustered
(Figure 6b) damage. sCNT

11 represents the axial electrical
conductivity of the CNT, while sCNT0

11 represents that of the
pristine (defect-free) one. The axial electrical conductivity of
all investigated armchair (metallic) SWCNTs decreases as the
fraction of broken bonds increases. For randomly generated
defects (Figure 6a), the reduction in axial electrical conduc-
tivity is similar for all chiralities with a slope of approximately
3.1. For 8% broken bonds the electrical conductivity is reduced
by approximately 25%. SWCNTs with smaller radii are
slightly more affected by structural defects because their unit
cells have less C–C bonds (18 bonds for a (3,3) CNT) than
SWCNTs with larger radii (60 bonds for a (10,10) CNT);
therefore, breakage of one bond contributesmore significantly
to the structural integrity of smaller radius SWCNTs. The
knockdown on the axial electrical conductivity as a function of
the fraction of broken bonds for clustered damage (Figure 6b)
presents slightly more variation among different chiralities,
but similar reductions.

The hoop electrical conductivity of SWCNTs (sCNT
22 ) was

also calculated for different chiralities and fractions of broken
bonds. sCNT

22 also presents a decreasing trend with increased
fraction of broken bonds (Figure 7, where s0

22 is the transverse
electrical conductivity of pristine SWCNTs) for all chiralities
with a slope of approximately 1.8–2.5. For an 8% fraction of
broken bonds, this decrement is approximately 20% with
respect to the value of pristine CNTs. This behavior is more
prominent for defective SWCNTs of larger radius whose unit
cells have more C–C bonds. Therefore, the probability that a
missing bond impedes the current flow in the transverse
direction is higher if the bonds are randomly removed
(Figure 7a). The situation between random and cluster is
opposite for sCNT

11 (Figure 6), since not all bonds contribute to
sCNT
11 and there are two hoop electrical conductive paths from

cathode to anode for sCNT
22 . Notice that the CNT damage

influences more sCNT
11 (Figure 6) than sCNT

22 (Figure 7).

3.2. Axially Oriented CNT/Polymer Composites with
Defective CNTs

The electrical properties of CNT/polymer composites
containing axially oriented CNTs were first obtained by the
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11



Fig. 7. Normalized hoop electrical conductivity of defective CNTs as a function of fraction of broken bonds.
(a) Random damage, (b) clustered damage.
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CCM for each damaged SWCNT investigated. The compu-
tations were also conducted using the Mori–Tanaka (MT)
method to simulate a CNT/polymer composite containing
different axially oriented SWCNTs, including the eight
studied chiralities and a random distribution of fractions of
broken bonds. The normalized axial electrical conductivity
(axial electrical conductivity of the composite divided by the
axial electrical conductivity of the polymer matrix) as a
function of the SWCNT volume fraction is plotted in
Figure 8a for axially oriented CNT/polymer composites.
Pristine and SWCNTs containing 8% randomly generated
defects are considered in Figure 8a for the thinnest (3,3) and
thickest (10,10) SWCNTs investigated. The normalized axial
electrical conductivity linearly increases as the volume
fraction of SWCNTs increases. The axial electrical conductiv-
ity of the composite material for a volume fraction of 15% of
(3,3) pristine CNTs is approximately 5� 1013 times the axial
electrical conductivity of the polymer. The axial electrical
conductivity is lower for polymer composites with damaged
CNTs than for thosewith pristine ones. As shown in Figure 8a,
the normalized axial electrical conductivity of composite
materials with pristine CNTs presents a higher slope
(approximately 2:2� 1014) than that for composites contain-
ing CNTs with a fraction of broken bonds of 8% (approxi-
mately 1:6� 1014). Both random and clustered damages
produce a very similar impact on the axial electrical
Fig. 8. Normalized electrical conductivity of CNT/polymer composites as a function of volume fraction for
composites containing axially oriented CNTs. (a) Axial electrical conductivity, (b) transverse electrical
conductivity.

ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11 © 2016 WILEY-VCH Verlag GmbH & Co.
conductivity as a function of the volume
fraction, and thus the clustered distribution is
not shown.

The transverse electrical conductivity of
CNT/polymer composites was also computed
by the CCM and MT methods, varying the
volume fraction of CNTs as shown in Figure 8b.
The four CCM predictions and the MT one
present an increasing non-linear trend in s22 as a
function of the SWCNT volume fraction. The
CCM predictions for polymer composites con-
taining damaged and pristine SWCNTs present
very similar values of the transverse electrical
conductivity as a function of the volume
fraction. The composites containing (10,10) SWCNTs present
a lower transverse electrical conductivity than those contain-
ing (3,3) ones, following a similar trend than that found in the
computations of SWCNTs (see Figure 7b).

The axial and transverse electrical conductivities of
SWCNT/polymer composites as function of the SWCNT
fraction of broken bonds were carried out with a fixed total
volume fraction (Vf) of 1% for both random and clustered
damage processes. The axial electrical conductivity of the
composite (s11) normalized by the axial electrical conductivity
the composite containing pristine SWCNTs (s0

11) is plotted in
Figure 9 as a function of the fraction of broken bonds. s11

reduces linearly with increased fraction of broken bonds,
regardless of the CNT size/chirality. The composite contain-
ing (3, 3) SWCNTs shows a slightly more pronounced
influence on the SWCNT fraction of broken bonds, meaning
that the composites with CNTs of smaller radii are more
influenced by defects. For a 8% fraction of SWCNTdefects, the
composite presents a knockdown in s11 of approximately 25%
for random damage. The polymer composites containing
clustered damaged SWCNTs presented similar behavior as
those with random damage but the effect of the SWCNT
radius on the knockdown on the axial electrical conductivity
is more pronounced.

The transverse electrical conductivity (s22) of the composite
as a function of the fraction of broken bonds was also
computed for composites with axially oriented
CNTs, but the influence of the fraction of broken
bonds was minor, and it is thus not shown. For
axially oriented SWCNTs, the transverse electri-
cal conductivity is an electrical property domi-
nated by the polymer matrix, and hence the
effect of CNT defects in such a property is
minor; therefore, s22 as a function of the fraction
of broken bonds is not plotted.

3.3. Randomly Oriented CNT/Polymer
Composites with Defective CNTs

The computations of electrical conductivity
of CNT/polymer composites were also con-
ducted for randomly oriented SWCNTs using
the MT method and Equation 23, considering
KGaA, Weinheim http://www.aem-journal.com 1903



Fig. 9. Normalized axial electrical conductivity of CNT/polymer composite as a function of fraction of
broken bonds for composites containing axially oriented CNTs. (a) Random damage, (b) clustered damage.
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pristine and defective CNTs and afixed volume fraction of 1%.
The normalized axial electrical conductivity of CNT/polymer
composites (s11=s

0
11) as a function of the fraction of broken

bonds is shown in Figure 10a for axially and randomly
oriented CNTs. Both random and clustered damages present
very similar trends because the CNT electrical conductivities
at 8% fraction of broken bonds are of the same order of
magnitude (see Figure 9); thus, only plots for random damage
are shown. s11=s

0
11 for both randomly or axially oriented

CNTs presents a decreasing trend with increased fraction of
broken bonds, with the slopes being indistinguishable. This is
a consequence of the SWCNTcontributing to the increment of
the CNT/polymer composite electrical conductivity, mainly
along the axial direction.

The transverse electrical conductivity of CNT/polymer
composites (s22) normalized by the transverse electrical
conductivity of the composite containing pristine SWCNTs
(s0

22) as a function of the fraction of broken bonds is shown in
Figure 10b for axially and randomly oriented CNTs. The
influence of the fraction of broken bonds on s22=s

0
22 is

important only for randomly oriented SWCNTs, and causes
no practical effect for axially oriented ones. This is a
consequence of the minimal contribution of the axially
oriented SWCNTs to the transverse electrical conductivity
of the composite.
Fig. 10. Normalized electrical conductivity of CNT/polymer composites as function of the fraction of broken
bonds for composites containing axially and randomly oriented CNTs. (a) Axial electrical conductivity, (b)
transverse electrical conductivity.
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4. Conclusions

A hierarchical multiscale approach based on
a classical resistors network and microme-
chanics was carried out to predict the influence
of CNT structural defects on the electrical
properties of SWCNTs and SWCNT/polymer
composites. As a first step, the electrical
properties of armchair SWCNTs were modeled
using a classical resistor network model.
Structural defects were generated in the
SWCNTs by removing carbon–carbon bonds.
SWCNT damage was produced progressively
by two configurations: i) randomly eliminating
C–C bonds, or ii) as clustered damage by
removing only the bonds that are adjacent to a small fraction
of initially eliminated bonds. The axial and transverse (hoop)
electrical conductivities of CNT/polymer composites were
computed through the use of the composite cylinder and the
Mori–Tanaka’s methods. The composite cylinder method was
used tomodel the electrical properties of a composite material
containing axially oriented CNTs surrounded by an inter-
phase. The Mori–Tanaka method was used to model
composite materials containing randomly oriented CNTs
with different chiralities and fraction of broken bonds. The
simulations predict that 8% SWCNTstructural defects yield a
knockdown of 25–30% on the axial and transverse electrical
conductivities of SWCNTs for both damage processes. The
knockdown in axial electrical conductivity was slightly higher
for cluster damage than for random damage, whereas the
opposite trend occurred for the transverse electrical conduc-
tivity. The axial electrical conductivity of small radius CNTs
was more affected by structural defects than that of larger
radius ones, and this behavior was opposite for the transverse
electrical conductivity. A similar knockdown factor to that
found for defective CNTs was found for defective SWCNT/
polymer composites. Modeling indicates that the composite
axial electrical conductivity is the electrical property most
influenced by the volume fraction of SWCNTs, and as such,
this property is more influenced by the density of CNT defects
at practically any concentration of SWCNTs in the composite.
The transverse electrical conductivity of the
CNT/polymer composites is influenced by the
presence of structural defects in a similar
fashion than the axial one, if the SWCNTs are
randomly oriented; when the SWCNTs are
axially oriented, no influence of structural
defects is observed.

Quantificationof theinfluenceofdefectsonthe
electrical properties of CNTs and their polymer
composites is of great importance for a more
realistic assessment of the promises and limita-
tionsof thesenovelmaterials, inapplicationssuch
as electronics, automotive, and aeronautics. The
hierarchical multiscale approach presented here
allowsbridgingdimensional scales, starting from
ADVANCED ENGINEERING MATERIALS 2016, 18, No. 11
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the influenceofdefectsonan individualnanotube,andreaching
effective properties of nanocomposites, of practical use for
engineering estimations.
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