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trical properties of carbon nanotubes and their composite counterparts are presented.
This review identifies the processing challenges associated with this class of materials
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Introduction
It has been recognized for sometime that the mechanical, ther-
al, and electrical properties of polymeric materials can be engi-

eered by fabricating composites that are comprised of different
olume fractions of one or more reinforcing phases. Traditionally,
olymeric materials have been reinforced with carbon or glass
icrofibers to improve their mechanical properties and a variety

f metallic and/or organic fillers for electrical and thermal prop-
rty enhancements. These composite materials have been used in

wide variety of applications in automotive, aerospace, mass
ransit, and nuclear industries. Rarely, however, have traditional
llers been able to substantially improve a combination of these
roperties. As time has progressed, practical realization of such
omposites has begun to shift from microscale composites to
anocomposites, taking advantage of the unique combination of
echanical, electrical, and thermal properties of nanofillers �fill-

rs with a characteristic dimension below 100 nm�. There are a
umber of advantages associated with dispersing nanofillers in
olymeric materials. While some credit can be attributed to the
ntrinsic properties of the fillers, most of these advantages stem
rom the extreme reduction in filler size combined with the large
nhancement in the specific surface area and interfacial area they
resent to the matrix phase. In addition, whereas traditional com-
osites use over 40 wt % of the reinforcing phase, the dispersion
f just a few weight percentages of nanofillers into polymeric
atrices could lead to dramatic changes in their mechanical �1,2�,

hermal �3,4�, and electrical �5� properties with added functional-
ties.

Perhaps the most widely used and studied nanofiller is the car-
on nanotube �CNT�. CNTs are highly unusual electrical conduc-
ors, the strongest known fibers, and excellent thermal conductors.
n fact, some CNTs are stronger than steel, lighter than aluminum,
nd more conductive than copper �6�. Theoretical and experimen-
al studies have shown that CNTs exhibit extremely high tensile

odulus ��1 TPa� and strength ��150 GPa�. Depending on
heir atomic structure, CNTs can be either metallic or semicon-
ucting with experimental measurements showing intrinsic elec-
rical conductivities of approximately 105–106 S /m for metallic
anotubes and 10 S/m for semiconducting nanotubes. Further-
ore, CNTs exhibit large phonon mean free paths that result in
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high thermal conductivities, which have been theoretically esti-
mated to be in the range of 6000–3000 W/m K. In addition, CNTs
exhibit high flexibility, low density �1.3–1.4 g /cm3�, and large
aspect ratios �1000 s�. Due to this unique combination of physical
and multifunctional properties, CNTs have emerged as excellent
candidates for use as tailoring agents in polymeric materials to
yield next generation multifunctional composite materials.

The ability to tailor the mechanical, thermal, and electrical
properties of polymeric materials through the dispersion of CNTs
depends on several important factors. The first is the property
being tailored. Both mechanical and electrical properties seem to
be more sensitive to the CNT concentrations and geometrical pa-
rameters when compared with thermal properties. For example,
Thostenson et al. �7� studied the influence of nanotube concentra-
tion on the electrical properties of the CNT/vinyl-ester compos-
ites. At a concentration of only 0.1 wt % of CNTs, the volume
resistivity decreased by over eight orders of magnitude. The limit
that governs the sudden transition between insulating and con-
ducting behaviors is known as the percolation threshold, which
will be given more attention in the coming discussions. Gojny et
al. �8� demonstrated that the addition of as little as 0.1 wt % of
CNTs in an epoxy matrix can increase the fracture toughness by
upward of 20% with further improvements observed for amino-
functionalized nanotubes. In comparison, the thermal conductivity
of cured nanotube-epoxy composites shows a minimal and near
insignificant increase with nanotube content, less that 0.5% for a
concentration of 0.5 wt % of CNTs �9�.

A second aspect to consider when tailoring the properties is the
choice of CNT and polymeric medium to which it is dispersed.
The enhancement in thermal conductivities appears to be greater
for single-walled carbon nanotubes �SWCNTs� than for carbon
nanofibers �CNFs� �10�, probably reflecting the intrinsic properties
of the fillers. Furthermore, the mechanical properties of nanocom-
posites have been shown to increase significantly when the CNTs
are chemically modified to form reactive bridges with the sur-
rounding polymer chains �11–14�, a process known as functional-
ization. In this context, the same CNTs can be shown to provide a
wide range of improvements in the mechanical properties from
this surface modification process.

The addition of CNTs in polymeric materials does not always
result in improved properties. Several important factors relating to
the processing of the nanocomposite also play a significant role.
One of the most important aspects to consider is the homogeneous

dispersion of the nanofillers in the polymeric matrix. CNTs tend to
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xhibit an enormous surface area being several orders of magni-
ude larger than the surface of conventional fillers. The large sur-
ace area of CNTs leads to two counteracting effects: one desir-
ble offering increased stress transfer and the other undesirable
eading to strong attractive intermolecular and van der Waals
orces between the nanofillers resulting in excessive agglomera-
ion. The resulting aggregates act as defect sites rather than rein-
orcements, which could lead to a subsequent degradation of the
anocomposite properties. An efficient utilization of CNT proper-
ies in polymeric materials is therefore directly related to their
omogeneous dispersion in the matrix. This tendency for the
anofillers to agglomerate also limits the concentration of the
anofillers that can be dispersed in the media. Meguid and Sun
15� showed that the homogeneous dispersion of CNTs in an ep-
xy adhesive can improve the bonding and shear properties of
omposite interfaces. However, they showed that there was an
ptimal CNT concentration above which the properties of the
omposite begin to degrade to below that of the pure epoxy in-
icative of the sensitivity of these properties on the nanofiller
oncentration.

Clearly, there are a number of important factors to consider in
he design and fabrication of nanocomposite materials. It is there-
ore the purpose of this review to summarize the latest develop-
ents in this field and identify the processing challenges associ-

ted with this class of materials and the techniques currently being
dopted in treating them. The general term nanocomposite can be
sed to reflect any composite material with a reinforcing phase
xhibiting a characteristic dimension below 100 nm. In fact, nano-
llers such as carbon blacks, silicas, and clays have widely been

ncorporated into a variety of host materials such as polymers,
eramics, and metallic matrices constituting a nanocomposite ma-
erial. However, the focus of this review is on the nanotailoring of
he mechanical, thermal, and electrical properties of polymeric

aterials through the homogeneous dispersion of CNTs.
The layout of this review paper is as follows. Section 2 will

iscuss the structure, mechanical, thermal, and electrical proper-
ies of CNTs. Section 3 will focus on the experimental and nu-

erical investigations of polymer nanocomposites reinforced with
NTs, with attention given to both thermoset and thermoplastic
atrix phases. This section will also address some of the chal-

enges associated with the design and fabrication of these materi-
ls. Section 4 will discuss a fascinating and emerging application
f these materials that exploits their multifunctional capabilities,
amely, structural health monitoring �SHM� in civil and aerospace
ndustries. Finally, Sec. 5 will summarize the current challenges
nd future outlook of this field.

Carbon Nanotubes
Carbon nanotubes exhibit a remarkable combination of me-

hanical, electrical, and thermal properties. As such, many poten-
ially important applications have been explored, including the use
f nanotubes as nanoprobe tips �16�, field emitters �17–20�, stor-
ge or filtering media �21�, and nanoscale electronic devices
22–26�, just to name a few. Their discovery, together with earlier
heoretical predictions of a “nanosupermaterial,” stimulated enor-

ous interest in the field of nanomaterials. A large percentage of
cademic and popular literature attributes the discovery of CNTs
o Iijima in 1991 �27�. However, there are several papers pub-
ished well before that time that identified the nanoscale carbon-
ceous fibers in several controlled experiments �28,29�. For ex-
mple, a paper published in 1976 by Oberlin et al. �28� clearly
epicted an individual CNT synthesized using a hydrocarbon de-
omposition technique, which is reproduced in Fig. 1. However,
ue to the magnification and resolution limitations of electron
icroscopes at that time, they were unable to resolve the indi-

idual graphene fringes, and it was not claimed by the authors to
e in fact a CNT. It is, however, Iijima �27� who was responsible
or reporting the structural perfections of CNTs and, hence, im-

lied the extraordinary properties that have been realized today. In
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this section, we review the mechanical, electrical, and thermal
properties of CNTs, which make them ideal candidates for the
abovementioned applications.

2.1 Structure. Carbon nanotubes occur in two general forms:
SWCNTs and multiwalled carbon nanotubes �MWCNTs�.
SWCNTs can generally be visualized as a single sheet of graphene
that has been rolled into a hollow tubular shape. The orientation of
the graphene sheet as it is rolled will dictate the resulting structure
of the CNT. SWCNTs can have diameters as small as 0.4 nm and
normally no larger than 2 nm. MWCNTs can be viewed as several
concentric SWCNTs with outside diameters that range between 5
nm and 100 nm. The interlayer spacing of MWCNTs is approxi-
mately 0.34 nm �30,31�, and this value is also widely taken as the
thickness of individual CNT layers in numerical simulations
�32–35� and in some experimental investigations �36,37�. Figure 2
depicts both the SWCNT and MWCNT structures.

A schematic illustration of an unrolled graphene sheet is shown
in Fig. 3. CNTs are defined by a pair of indices �n,m�, which are
used to identify their atomic structure and size. These indices
correspond to a lattice vector R=nr1+mr2 on the graphene plane,
where r1 and r2 are unit vectors in the hexagonal lattice, and n and
m are integers. This lattice vector maps onto the circumference of
the resulting nanotube cylinder. The orientation of the graphite
lattice relative to the longitudinal axis defines the chirality or he-
licity of the nanotube �38�. Two main symmetry groups exist:
armchair �n,n� and zigzag �n,0� configurations, with all other
�n,m� combinations referred to as chiral nanotubes. The CNT ra-
dius and chiral angle can be determined from the following simple
expressions:

rCNT =
�3ro

2�
�n2 + mn + m2 �1�

Fig. 1 Early bright field SEM image of a MWCNT „from Ref.
†28‡…
Fig. 2 Two CNT variants: „a… a SWCNT and „b… a MWCNT
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� = cos−1 2n + m

2�n2 + mn + m2
�2�

here ro is the equilibrium bond length normally taken to be
.1421 nm. A variant of the CNT is the CNF. CNFs differ from
anotubes in the way the graphene sheet is oriented with respect
o the fiber axis. Unlike CNTs, which have the graphene sheet
rientated parallel to the fiber axis, CNFs can have a wide range
f orientations of the graphitic layers. These nanostructures are
est visualized as nanoscale cones or disks stacked atop one an-
ther, as shown in Fig. 4. They can also be hollow and typically

Fig. 3 Unrolled graphene sheet and the chiral lattice vector

Fig. 4 TEM images of commercial CNFs, highlightin
planes „from Ref. †347‡…

2
Fig. 5 sp hybridization process an
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have outside diameters in the range of 50–100 nm.
A noticeable feature of the graphene sheet is the hexagonal

pattern, which is repeated periodically in space. Each carbon atom
in the lattice is covalently bonded to three neighboring atoms.
This hexagonal structure is attributed to the sp2 hybridization pro-
cess. One s-orbital and two p-orbitals of a carbon atom in its
excited state combine to form three hybrid sp2-orbitals at 120 deg
relative to each other. This sp2 hybridization process is illustrated
in Fig. 5. The resulting covalent bond, known also as the �-bond,
is a strong chemical bond, which is largely responsible for the
unique properties of CNTs. The other relatively weak out-of-plane
bond, known as the �-bond, is typically exploited in functional-
ization processes, which involve the grafting of functional groups
on the walls of CNTs as a means of improving their interfacial
bonding with a surrounding polymer matrix.

2.2 Mechanical Properties. Early theoretical and experimen-
tal works have confirmed that CNTs possess exceptional mechani-
cal properties. To date, a number of researchers have employed
both experimental and theoretical techniques to determine the me-
chanical properties of CNTs. However, due to the extremely small
size of CNTs, the experimental studies are challenging, and the
results normally show significant variability. This could also be
attributed to differences in the CNT structure, existing defects,
and synthesis techniques. Experimental techniques approximate
CNTs as elastic structural members and, in so doing, impose con-
tinuum assumptions. As a consequence, the experimental mea-
surements are faced with the problem of defining the cross-
sectional area of the CNTs. Most approaches approximate the
cross-sectional area to be equal to that of a hollow thin walled
cylinder, namely, �dt, where t is taken as the interlayer spacing of
graphene �36,37�.

Although the testing of individual nanotubes is a challenging
task, a number of techniques have been developed to provide

tructural variations in the orientation of the graphitic
g s
d the resulting �- and �-bonds
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nsights into their mechanical behavior and to quantify these prop-
rties. The experimental techniques used range from direct tensile-
oading measurements to techniques based on observing their
reestanding room temperature vibrations in a transmission elec-
ron microscope �TEM�. For example, Lourie and Wagner �39�

easured the cooling-induced compressive response of CNTs us-
ng micro-Raman spectroscopy. Young’s moduli of both SWCNTs
nd MWCNTs were then derived from a concentric cylinder
odel involving thermal stresses. In their study, Lourie and Wag-

er reported Young’s moduli of 2.8–3.6 TPa and 1.7–2.4 TPa for
WCNT and MWCNT, respectively. In comparison, Yu et al.
37,40� determined the Young’s modulus to range from 320 GPa
o 1470 GPa and from 270 GPa to 950 GPa for SWCNT ropes and
ndividual MWCNTs, respectively, using atomic force microscopy
AFM�. Figure 6 shows scanning electron microscope �SEM� im-
ges of the SWCNT rope �multitudes of entangled CNTs� tensile-
oading experiment conducted by Yu et al. where both pre-and
ost-loaded CNTs are depicted. Several experimental reports of
oung’s modulus values for both SWCNTs and MWCNTs are
rovided in Table 1 along with their respective references and
etails of their methodology.

Experimental measurements of the tensile strengths of CNTs
ave also been conducted. However, they are limited due to the
ifficulties associated with the application of direct tensile loads
n individual CNTs. The tensile strengths of SWCNT ropes were
nvestigated by Walter et al. �43� via AFM. They assumed Young’s

odulus of 1.25 TPa in their calculations and, in so doing, ob-
ained tensile strengths of 45�7 GPa. In the study by Yu et al.
40�, the tensile strengths of MWCNTs ranged from 11 GPa to 63
Pa. The MWCNTs were also shown to fail via a sword-and-

heath type mechanism, where the outer layer first fractured and
he inner layers were subsequently pulled out. Weak load transfer
as observed between the inner and outer layers of the MWCNT
ith interfacial shear strengths �ISSs� of 0.08 MPa and 0.3 MPa

rising from the weak van der Waals interactions between the
ubsequent layers. The weak load transfer between the subsequent
ayers was also demonstrated by Cumings and Zettl �44�. They
sed a movable nanomanipulator inside a high-resolution TEM to
ithdraw the inner layer of a MWCNT from its surrounding outer

ayer. The measured interfacial shear strength arising from the van

ig. 6 SEM images showing a SWCNT rope under direct ten-
ile loading using AFM „from Ref. †37‡…

Table 1 Experimental measurement

Author Technique

Lourie and Wagner Micro-Raman spectroscopy
Micro-Raman spectroscopy

Yu et al. AFM
AFM

Tombler et al. AFM
Krishnan et al. TEM/vibrational theory
Salvetat et al. AFM
50801-4 / Vol. 63, SEPTEMBER 2010
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der Waals interactions was determined to be in the range of 0.43–
0.66 MPa. They also demonstrated controlled and reversible tele-
scopic extension of MWCNTs whereby the inner layer is with-
drawn under direct loading, and upon removal of the load, it
retracts back as a result of the attractive van der Waals
interactions.

Researchers have used modeling methods accounting for all
length scales to characterize the behavior of CNTs. First principle
quantum mechanical descriptions have been employed to model
the structural deformation �45�, fracture �46�, defect nucleation
�47�, chemical reactivity �48,49�, and functionalization �50,51� of
individual CNTs. Classical molecular dynamics �MD� and mo-
lecular mechanic simulations have been shown to play an impor-
tant role in determining the constitutive relations of CNTs under
different loading conditions �52–54�, CNT growth mechanisms
�55�, oscillatory properties �56�, and the effects of chirality and
length on the mechanical properties �57�. At the coarser end of the
length scale, continuum mechanical concepts have also been used
in characterizing the CNT behavior. In continuum-based ap-
proaches, the CNT is modeled as a continuous shell with a fixed
wall thickness and material properties �58–60�. However, the only
way of distinguishing between nanotubes of different chiralities
�zigzag, armchair, and chiral� is through the radius of the shell.
The disadvantages of this approach are that the CNT is drastically
oversimplified, it cannot be used to study the effect of defects, and
the atomic structure of the CNT has been ignored. Nevertheless,
continuum-based approaches have been shown to reasonably pre-
dict the tensile and shear moduli of individual CNTs �61,62� and
their deformation and stability under different loads �60,63,64�.
Additionally, a number of multiscale approaches have also been
pursued �65�. The theoretical predictions tend to overestimate the
mechanical properties when compared with experimental findings,
which assume that the CNT is a defect-free structure. At the same
time, it is easier to investigate the effect of such parameters as
temperature, strain rate, defect nucleation, chirality, size, and dif-
ferent loading conditions in theoretical approaches. In this con-
text, the elastic properties of CNTs are rarely presented as single
values but rather as varying functions of the diameter or chirality.
Due to the shear number of theoretical efforts made in this field,
the reader is referred to a review by Ruoff et al. �66� for further
details.

2.3 Electrical Properties. The electrical properties of CNTs
have also attracted a great deal of interest from the research com-
munity. Their nanoscale dimensions, coupled with the unique
electronic structure of the host graphene sheet, lead to a variety of
unique electrical properties. These properties have been exten-
sively investigated both theoretically and experimentally �67–83�.
However, as with the mechanical properties, measurements of the
electronic properties of individual CNTs are challenging. Early
theoretical studies conducted by Hamada et al. �84�, Mintmire et
al. �85�, and Saito et al. �86� showed that the electronic properties
of CNTs were heavily dependent on their geometric structure,
namely, the diameter and chirality. These theoretical studies based
on tight-binding calculations predicted that CNTs can act either as
metals or as semiconductors with different sized energy band
gaps, which depend on the above parameters. The chiral indices

f carbon nanotube Young’s modulus

CNT type Young’s modulus Ref.

SWCNT 2.8–3.6 TPa �39�
MWCNT 1.7–2.4 TPa �39�

SWCNT rope 320–1470 GPa �37,40�
MWCNT 270–950 GPa �37,40�
SWCNT 1.2 TPa �36�
SWCNT 0.9–1.7 TPa �41�

SWCNT rope 0.81�0.41 TPa �42�
s o
Transactions of the ASME
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n,m� can be used to determine whether a CNT will act as a metal,
large band gap semiconductor, or a tiny band gap semiconduc-

or. The general rules are such that all armchair �n,n� nanotubes
re metals, �n,m� nanotubes with n−m=3j, where j is a nonzero
nteger, are small band gap semiconductors, and all others are
arge band gap semiconductors. Accordingly, approximately one-
hird of SWCNTs are metals, while the other two-thirds are con-
idered semiconductors. This is in agreement with experimental
bservations, which have little or no control on the chirality of the
est specimens. Figure 7 illustrates some of these different possi-
ilities as a function of the chiral indices.

The CNT size has also been shown to have a significant effect
n the electrical properties. As the radius of the nanotube in-
reases, the band gap decreases for both small and large band gap
emiconductors with respective 1/R and 1 /R2 dependence �87�. A
imilar observation has been made for CNTs with very small di-
meters. It was found that strong hybridization effects can occur
n these nanotubes, leading to a decrease in the energy band gaps
y nearly 50% �87�, thus providing them with superconductive
roperties �88�. CNTs with such a small diameter distribution are
onfined to �3,3�, �4,2�, and �5,0� configurations. The electrical
roperties of these CNTs have already been extensively studied
sing ab initio methods �89–91�.

The first experimental measurements of individual SWCNTs
ere carried out by Tans et al. �71�. These experiments verified

he theoretical predictions and confirmed that CNTs can display
oth metallic and semiconducting properties. The electrical con-
uctivity at room temperature was measured to be approximately
05–106 S /m for metallic nanotubes and approximately 10 S/m
or semiconducting nanotubes. Furthermore, theoretical predic-
ions were verified using scanning tunneling microscopy �STM�
xperiments conducted by Odom et al. �92� and Wilder et al. �93�.
hey showed that the electrical properties of CNTs depend upon

heir geometrical parameters. In these experimental measure-
ents, the resolution allowed for the identification of individual

arbon rings. The structure of the CNTs was then determined from
he orientation of the carbon rings and the diameter of the CNTs.
n comparison, the conductivity of SWCNT bundles has been
ound to vary between 1�104 S /m �94� and 3�106 S /m
95,96� at room temperature. Furthermore, the electrical conduc-
ivities of individual MWCNTs have also been investigated ex-
erimentally. They have been reported to range between 20 S/m
nd 2�107 S /m �97�, depending on the helicities of the outer-
ost shells �98� and the presence of defects �99�. Defects such as

Fig. 7 Metal and semiconducting nano
he Stone-Wales defect, vacancies, and impurities have all been

pplied Mechanics Reviews
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found to affect the electrical properties �100,101�. The extent to
which the properties are affected would depend on the number of
defects, their proximity to each other, and the nanotube structure
considered. Furthermore, structural deformations such as twisting
and bending can also produce variations in the conductivities of
CNTs �102–104�. Therefore, the introduction of defects in CNTs
and/or deforming CNTs can be viewed as an interesting way of
changing their electrical properties.

2.4 Thermal Properties. The study of the thermal properties
of CNTs has received considerably less attention in comparison to
their mechanical and electrical properties. However, there exist
publications that describe experimental and theoretical investiga-
tions into such thermal properties as their specific heat, thermal
conductivity, and thermal expansion. As with the mechanical and
electrical experiments, the thermal measurements were also made
on a single nanotube. Such measurements are very difficult. Con-
sequently, SWCNT thermal conductivities have primarily been
evaluated theoretically. Experimental results exist only for
SWCNT bundles and individual MWCNTs.

The unique crystal structure of CNTs, together with their high
aspect ratios, led to early speculations that the longitudinal ther-
mal conductivity of CNTs could exceed that of the host material
graphite �105�. Indeed, CNTs do have a very high thermal con-
ductivity, which arises from the strong covalent bonding between
the carbon atoms. The theoretical predictions of Berber et al.
�106� based on molecular dynamics simulations have predicted
their room temperature thermal conductivities to be as high as
6600 W/m K, which surpasses that of diamond �2000 W/m K�.
Berber et al. also calculated the thermal conductivities of
SWCNTs over a range of temperatures. They found that the con-
ductivity peaks near 100 K and subsequently decreases with in-
creasing temperature. The peak value was determined to be
37,000 W/m K, which is comparable to the highest thermal con-
ductivity ever measured �41,000 W/m K� �107�. In comparison,
the theoretical MD predictions of Osman and Srivastava �108�
showed that the peak value occurs at around room temperature for
a number of SWCNTs with diameters in the range of 1–2 nm and
different chiralities. This room temperature conductivity was de-
termined to be approximately 2500 W/m K. The decrease in ther-
mal conductivity at higher temperatures can be explained by pho-
non scattering events. As the temperature increases, more and
more phonons contribute to the heat flow in the system. However,
at high temperatures, phonon-phonon scattering events begin to

es as a function of their chiral indices
tub
dominate, and the subsequent heat flow decreases, as depicted in
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ig. 8.
The experimental measurements of Li �109� also showed a peak

alue in the thermal conductance occurring at around room tem-
erature �310 K� for SWCNT bundles. In addition, the experimen-
al measurements of Hone et al. �110� of bulk SWCNT samples
ver a temperature range of 0 K to 300 K also indicate an increase
n thermal conductivity with increasing temperature. Their mea-
urements showed a decrease in the slope occurring at the high
emperature range. However, the characteristic peaking behavior
as not evident as the temperature range was not extended be-
ond 300 K. It is difficult to determine the intrinsic thermal con-
uctivities in these experimental measurements because the num-
er of SWCNTs contributing to the heat flow cannot be
etermined. These measurements confirm that phonon-phonon
cattering events become important at near room temperature for
WCNT bundles. In the above experimental measurements, the
oom temperature conductivities for the SWCNT bundles range
rom 2.3 W/m K to 35 W/m K. However, the nanotubes in these
amples are highly entangled, and the thermal pathway is consid-
rably longer than the direct distance between the points of mea-
urement. To avoid the irregularities and random distribution in
he above samples, Hone �111� used magnetically aligned
WCNT thin films for his measurements. The measured thermal
onductivity of these samples increased with temperature up to
00 K, reaching a maximum value of approximately 200 W/m K,
hich is approximately an order of magnitude higher than the
ighest value obtained for the random entangled samples. The
hermal conductivities of MWCNT have also been investigated
xperimentally by Small et al. �112� over a temperature range of 8

to 370 K. Again, the conductivity increases with increasing
emperature up to a maximum value of 3000 W/m K at a tempera-
ure of approximately 300 K. In contrast, bulk samples of

WCNTs exhibit a thermal conductivity of only 25 W/m K at
oom temperature �113�. The high thermal conductivities of both
WCNTs and MWCNTs show tremendous potential for CNTs to
e used in thermal management applications such as heat sinks in
lectrical circuitry.

The relatively large variation among the different measure-
ents of thermal conductivity of both MWCNTs and SWCNTs

re due to inconsistencies among the CNTs of the experimental
etups. CNTs can be synthesized using a variety of different tech-
iques, including chemical vapor deposition �CVD�, arc dis-
harge, and laser ablation, to name a few. Depending on the
anufacturing technique used, the nanotubes could have different

tructures, sizes, purities, and, more importantly, defect
istributions/concentrations. As with both the mechanical and
lectrical properties, it is expected that the intrinsic thermal con-
uctivity of CNTs will be affected by the abovementioned param-
ters. For example, defects act as phonon scattering sites, thus
imiting the intrinsic conductivity of the nanotube. Che et al. �114�
sed molecular dynamics simulations to investigate the effect of
oth vacancy and Stone-Wales defects on the intrinsic conductiv-

ig. 8 Molecular dynamics predictions of the thermal conduc-
ivity of a „10,10… nanotube. The characteristic peaking behav-
or occurs at approximately 100 K „from Ref. †106‡….
ty. They found that the intrinsic thermal conductivity decreased
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significantly with increasing defect density with a more severe
degradation observed with the vacancy defects. Their results are
complemented by the recent study of Fan et al. �115�. Similarly,
Yan et al. �116� developed an analytical model to show that the
thermal conductivities of SWCNTs and MWCNTs are in fact both
diameter and chirality dependent. Their results clearly suggest that
the thermal conductivity increases with decreasing nanotube di-
ameter. The phonon scattering processes are suppressed in small
diameter nanotubes, giving rise to high thermal conductivity.

This section of the review has introduced the extraordinary me-
chanical, thermal, and electrical properties of CNTs. It is due to
these properties that researchers are introducing CNTs as tailoring
agents in polymeric materials. It presents the opportunity to intro-
duce both thermally and electrically conductive capabilities to the
host matrix, meanwhile improving its mechanical performance. A
material with such multifunctional capabilities can find numerous
applications in a variety of industries. However, composites con-
taining CNTs have not yet realized their full potential. This can be
attributed to a number of difficulties associated with the process-
ing of this class of materials. These processing challenges are
addressed in the following section.

3 Multifunctional CNT Polymer Composites
Now that the intrinsic mechanical, electrical, and thermal prop-

erties of CNTs have been explored, we are in a position to discuss
their ability to tailor the properties of polymeric materials to yield
multifunctional nanocomposites. Recent work in this area shows
that the scientific community is adopting a variety of different
methods to develop these nanotailored composites with varying
levels of success. The properties of CNT polymer composites are
influenced by a number of factors that include the CNT synthesis
and purification process, the geometrical and structural properties
of the CNTs, their alignment in the matrix, the dispersion process,
and the fabrication process. In the following sections, we will
discuss the processing challenges associated with this class of
materials and the techniques used by the research community to
overcome them. Specifically, emphasis will be placed on the tech-
niques used to disperse CNTs in polymeric matrices, the different
functionalization processes, which ultimately lead to more stable
CNT solutions, and the different techniques used to align CNT in
the matrix. The mechanical, electrical, and thermal properties of
CNT polymer nanocomposites and the parameters that influence
them will then be explored both from experimental and theoretical
standpoints.

3.1 Dispersion and Functionalization. One of the most im-
portant aspects to consider in the fabrication of polymer nanocom-
posites is the homogeneous dispersion of the nanofillers into the
polymeric matrix. The ultimate goal of the dispersion process is to
break up nanotube agglomerates and homogeneously distribute
the individual CNTs throughout the matrix. CNTs tend to exhibit
an enormous surface area being several orders of magnitude larger
than the surface of conventional fillers due to their nanoscopic
size and large aspect ratios. The large surface area of CNTs leads
to two counteracting effects: one desirable offering increased
stress transfer and the other undesirable leading to excessive ag-
glomeration due to intermolecular van der Waals forces. van der
Waals forces are the weakest type of intermolecular forces and are
created by the attraction between induced dipoles in a nonpolar
molecule. The van der Waals interactions between CNTs are no-
tably larger than van der Waals interactions between polymer
chains because of the absence of hydrogen atoms. This attraction,
coupled with their nanoscopic size and high aspect ratios, leads to
considerable aggregation. The resulting aggregates act as defect
sites rather than reinforcements, leading to a degradation in the
properties of the nanocomposite �117�. An efficient utilization of
the nanofiller properties in polymeric materials is therefore related

to their homogeneous dispersion in the matrix. Of equal impor-
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Downloa
ance is the stability of the resulting dispersion. It is desirable that
he CNTs remain in their uniformly dispersed state after process-
ng and not re-agglomerate as a result of their attractive
nteractions.

The dispersion, aggregation, agglomeration, and entanglement
f CNTs are a subject of current intensive research �118–121�.
ost strategies combine the use of mechanical and chemical

outes. The mechanical route includes high shearing techniques
sing mechanical stirring, sonication, microfluidizing, and calen-
ering. These methods involve imposing high shear forces on the
NT/polymer mixture that leads to the homogeneous dispersion
f the CNTs. Chemical strategies, on the other hand, typically
nvolve either a covalent modification of the surface of the CNT
r the use of a dispersant or surfactant, being polymeric or su-
ramolecular in nature. The chemical strategies are more effective
n preventing the re-agglomeration of the CNTs after the disper-
ion process has been carried out. A number of factors will deter-
ine the state of the resulting dispersion. However, to date, the

nly way of assessing the quality of the dispersion is through
lectron microscopy imaging techniques, which can be fairly lim-
ted in terms of providing a large spatial field of view. Often, only
mall sections of the sample are examined, which may lead to an
naccurate assessment of the quality of the dispersion. There are,
owever, some efforts being directed to developing consistent
ethods based on ultracentrifuge and absorption spectrum mea-

urements �122�, absorption and fluorescence spectroscopic tech-
iques �123�, and a combination of magnetic field and infrared
hermographic imaging �124�.

The mechanical techniques all rely on imposing high shear
tresses on the CNT polymer mixture as a means of exfoliating the
gglomerates and allowing the polymer molecules to appropri-
tely wet the CNTs. Mechanical stirring is normally used as a
eans of producing a premixture or preliminary dispersion that is

ubsequently employed in the other techniques. The mechanical
tirring operation is normally carried out using a mixing device at
elatively high revolutions �about 2000 rpm�. The size and shape
f the propeller and the mixing speed control the resulting disper-
ion. The resulting premixture is then used with either of the re-
aining techniques to further disperse the CNTs.
Ultrasonication is a common technique widely used either on

ts own or in combination with other processes to disperse nano-
ubes into polymer matrices. It uses high frequency sound waves
o induce the separation of CNT agglomerates. It operates on the
rinciple of inertial cavitation with the rapid formation and violent
ollapse of a void or bubble in the liquid producing intense shear-
ng forces. When sonicating liquids at high intensities, the sound
aves that propagate throughout the media result in alternating
igh-pressure and low-pressure cycles. During the low-pressure
ycle, the high-intensity waves form small vacuum bubbles in the
iquid. When the bubbles attain a volume at which they can no
onger absorb energy, they implode, producing a shockwave. This

Fig. 9 Ultrasound induced cavitatio
void and „b… its unstable growth to „
rocess is schematically illustrated in Fig. 9. The frequency of the
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ultrasound determines the maximum void size. Low frequencies
��20 kHz� produce large voids and high energy forces during
their collapse. Increasing the frequency reduces the size of the
voids, and cavitation is reduced. There are two methods for deliv-
ering ultrasonic energy into the liquid medium, the ultrasonic
bath, and the ultrasonic horn. The ultrasonic bath uses a higher
frequency ��50 kHz� and does not produce a defined caviation
zone as the horn, and the energy is more uniformly distributed
throughout the liquid �125�. The ultrasonic horn uses a probe that
oscillates at a fixed frequency. This rapid oscillation of the probe
results in a conical field of high energy where cavitation takes
place. Ultrasonic devices have high impact energy but introduce
relatively low shear forces; hence, this method is only suitable for
low viscous matrix materials �126�. Furthermore, when an ultra-
sonic horn is used, the sonication process becomes effective only
in the immediate region surrounding the probe tip due to the ex-
treme reduction of the vibrational energy with increasing distance.
Therefore, as sample sizes increase, this method becomes less
effective. Another adverse effect associated with this method, due
to the local energy input, is the reported fragmentation of the
CNTs �127,122� leading to a reduction in their effective length.
Both the time and frequency of the sonication process will affect
the resulting dispersion. Ultrasonic instruments using a frequency
of 20 kHz have been shown to homogeneously disperse MWCNT
mats �128�. Kearns and Shambaugh �129� reported an optimum
sonication time of 2 h for a 1 wt % CNT concentration in a poly-
propylene solution. Additionally, care must be taken when pro-
cessing epoxy samples using this method. In view of the fact that
the sonication process usually involves localized heating of the
sample mixture, this may induce premature curing of the epoxy. In
this case, it may be appropriate to place the sample in a cold water
bath and avoid prolonged exposure.

The calendering or three-roll mill approach relies on processing
the mixture through three horizontally positioned rolls all rotating
at different angular velocities and in opposite directions relative to
one another. Figure 10 shows a schematic of the general configu-
ration of this method. The mismatch in the roller velocities
coupled with a very small gap between the rollers results in high
shear stresses. This approach offers nearly pure shearing com-
pared with other milling techniques, which also rely on compres-
sive stresses to induce separation. As such, it does not signifi-
cantly degrade the nanotubes. This technique has recently been
applied by a number of research groups reporting excellent dis-
persions �8,124,130,131�. In contrast, the microfluidizer approach
relies on forcing the mixture through a very narrow �100 �m�
Z-shaped channel at high speeds �500 m/s� to impose the shear
stresses �132�. This technique has been used in a number of
chemical, medical, pharmaceutical, and cosmetic applications but
has just recently been viewed as an alternative to the existing
mechanical dispersion techniques.

stages from „a… the nucleation of a
ts implosion
n
c… i
Some of the above techniques may initially break up the ag-
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Downloa
lomerates but are incapable of creating a stable solution that
revents the re-agglomeration of the nanofillers especially in low
iscous mediums. Alternatively, the addition of CNTs in a poly-
eric medium has been shown to affect the rheological properties

f the polymer through an increase in viscosity �133,134�, thus
endering some of these methods incapable of sufficiently dispers-
ng the CNTs at high concentrations. In other cases, the increase in
iscosity can make the removal of trapped air relatively difficult,
ausing degradation in the composite properties �130�. In these
pecific cases, it is desirable to combine the mechanical tech-
iques with chemical methods.

Chemical strategies improve the stability of the CNT polymer
olution and prevent their re-agglomeration, which ultimately
eads to a better dispersion when coupled with the mechanical
echniques. Furthermore, these techniques also improve the load
ransfer and interfacial bonding between the CNTs and the sur-
ounding polymer. Two approaches are generally available when
sing chemical methods to aid in the dispersion of CNTs in a
olymeric matrix. The first is noncovalent functionalization,
hich refers to the adsorption of surfactant molecules or the he-

ical wrapping of polymer molecules on the CNT walls. This is
ealized by using conjugated polymers, which can associate with
he CNTs by means of �-�a electronic interactions with the CNT
attice. This results in the helical wrapping of polymer chains
round the CNT, which in turn improves the wetting of the CNTs
y the polymer. The helical wrapping of the polymer chain has
een observed experimentally �135�. This form of functionaliza-
ion is particularly attractive because it provides an opportunity to
ttach a large number of functional groups on the walls of CNTs
ithout introducing structural defects. These functional groups
revent the individual CNTs from attracting one another by sepa-
ating them sufficiently such that the van der Waals interactions
annot act between them. Hence, this technique prevents the for-
ation of agglomerates and improves the dispersability of the
NTs �136�. When surfactants are used in this approach, they
ave the additional benefit of effectively imposing repulsive elec-
rostatic forces on the neighboring nanotubes aiding their separa-
ion. It should be noted, however, that noncovalent functionaliza-
ion has been reported to work poorly for small diameter tubes
such as 0.7–0.8 nm� �137�.

The second approach is called covalent functionalization or
hemical cross-linking. In this case, a small percentage of strong
ovalent bonds forms from the grafting of functional groups on
he CNT walls. Therefore, unlike noncovalent functionalization,
hich relies on the wrapping of a polymer chain with functional
roups mounted on the backbone, covalent functionalization di-
ectly grafts the functional groups on the exterior walls of the
NT.
CNTs exist as ropes or bundles, and there are always some

atalyst residuals present, such as bucky onions, spheroidal
ullerenes, amorphous carbon, polyhedron graphite nanoparticles,
nd other forms of impurities. Therefore, the first step in chemi-
ally modifying the CNTs is the purification process. A number of
echniques can be used to purify CNTs, some of which include
xidation, centrifugal separation, and intercalation. Once the

Fig. 10 Schematic illustration of the
Roller positions and „b… high shea
rollers.
NTs have been purified, they undergo a cutting process that
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opens up the tubes and provides active sites for functional groups
to react with. The next step is the activation treatment of the CNTs
whereby the functional groups react with multifunctional amines
and form bonds. Finally, with the addition of the polymer matrix,
the free amino functions react with the polymer molecules, result-
ing in improved bonding between the CNT and the matrix. In this
way, the functional groups act as intermediary bonding sites be-
tween the nanotube and polymer chains. This technique can sig-
nificantly improve the load transfer between the CNT and the
polymer matrix, but it is also possible that this form of function-
alization may compromise the properties of the nanotube by in-
troducing structural changes in the graphitic layers of the nano-
tube �138,139� and/or reducing its overall aspect ratio �140�.
Therefore, short term treatments are normally preferred when co-
valently functionalizing CNTs so as not to introduce too many
defects. This technique has also been shown to improve the dis-
persability of CNTs in polymer matrices �14,141�. However, large
agglomerates can still exist in the mix because of the relatively
insufficient coating of the CNT walls by the functional groups that
are attached to the few defects.

Due to the significant variability in property measurements of
CNT polymer composites, even for systems with the same con-
stituent materials, it becomes evident that the dispersion process is
of key importance. There are several techniques available to im-
prove the dispersion of nanofillers into polymeric matrices, but
there is as of yet no simple and consistent method that can be
applied without fail. Furthermore, the dispersion of CNTs has only
been achieved on a laboratory scale and to a limited concentration
of approximately 1–5 wt %. Clearly, much more research work
needs to be done in this area. The literature indicates that tech-
niques to disperse nanofillers in solutions invariably suffer from
problems associated with the strong interactions between nanofill-
ers and their tendency to agglomerate. No single method outlined
above has been found to be successful on its own. However, sur-
face treatment methods, used in conjunction with mechanical
shearing techniques, can potentially provide a means of counter-
acting these effects.

3.2 Nanotube Alignment. As with conventional composites,
the mechanical, electrical, and thermal properties of CNT polymer
composites are highly influenced by the degree of CNT alignment
in the matrix. The purpose of aligning CNTs in the matrix is
dependent on the desired application of the composite. Some ap-
plications might prefer a set of isotropic composite properties as
in the case of rotating disks. However, many applications require
a particular set of properties in a preferential direction such as
high-performance composites with improved damage tolerance
capabilities. Similarly, some applications might call for preferen-
tial heat conduction or electrical conductivity in a particular direc-
tion. It has also been shown that randomly oriented CNTs embed-
ded in a polymer matrix fail to generate composites in which the
full reinforcing potential of the CNTs is fully utilized and ex-
ploited. To this end, there are a number of techniques that can be
used to align CNTs in both thermoset and thermoplastic polymeric
matrices. These include force-, magnetic-, and electric-field-

lendering dispersion technique. „a…
one between the feed and center
ca
r z
induced alignment techniques. Furthermore, some of the force-
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Downloa
eld techniques are nanocomposite fabrication methods, which
nherently induce some degree of CNT alignment in the resulting
omposite, while others are post-processing techniques, which can
e used to align nanotubes that have already been dispersed in a
iquid matrix prior to curing or polymerization.

3.2.1 Force-Field/Shear-Induced Alignment. Force-field/
hear-induced alignment methods are relatively simple techniques
hat rely on imposing external mechanical loads to force the align-

ent of the nanotubes. The first observation of CNT alignment
as by Ajayan et al. �142�. In their work, MWCNTs were dis-
ersed in an epoxy matrix using a simple mechanical stirring tech-
ique. Thin slices, ranging in thickness from 50 nm to 1 �m,
ere cut from the composite block with a diamond knife. The

uthors observed that the nanotubes were preferentially oriented
uring the cutting process, which created a state of shear inducing
ow of the material. No breakage of the nanotubes was observed,
hich suggested that the nanotubes were very strong and the in-

erface between them and the matrix was relatively weak. Follow-
ng these observations, de Heer et al. �143� developed a method-
logy to create large surfaces of highly aligned and densely
acked CNTs and measured their optical and electrical properties.
he process consisted of drawing an ethanol nanotube suspension

hrough a 0.2 �m pore ceramic filter, leaving a uniform black
eposit on the filter. The deposit was then transferred onto a plas-
ic surface by pressing the tube coated side of the filter onto the
olymer. The filter was then lifted to expose the surface, which
nder SEM appeared to show no evidence of nanotubes, but rather
omelike structures. Upon rubbing with a Teflon sheet or alumi-
um foil, the surface became silver and was shown to have a high
egree of nanotube orientation along the direction of rubbing. It
as then concluded that the untreated polymer surface had nano-

ubes orientated perpendicular to the surface, which gave rise to
he domelike objects, and that the mechanical shear force induced
y rubbing aligned them flat on the surface.

The above methods focused on the alignment of the CNTs on a
olymer substrate or surface and did not give any consideration to
he alignment of CNTs in the bulk composite. The most effective
ay of achieving high shear alignment of CNTs throughout the

omposite is through drawing or stretching of a composite fiber or
lm. The process of spin-drawing or melt-spinning is an example
f such a technique used to produce highly ordered CNT/polymer
bers. Haggenmueller et al. �144� applied this technique to
WCNTs dispersed in a polymethyl methacrylate �PMMA� ma-

rix. The composite fibers were melt-spun to achieve draw ratios
etween 20 and 3600. The elastic modulus and yield strength of
he SWCNT/PMMA composite fibers increased with nanotube
oading and draw ratio. Polarized resonant Raman spectroscopy
ndicated that the nanotubes in the fibers were well aligned with

osaic distribution full widths at half-maximum �FWHMs� as
mall as 4 deg. More recently, Perrot et al. �145� applied this
echnique to fabricate MWCNT/PA12 composite fibers and stud-
ed the influence of several spinning factors, including spinning
peed, extrusion rate, and draw ratio and correlated them to the
tructure and properties of the fibers. Similarly, the melt extrusion
rocess can be used to fabricate CNT composite fibers that can
ubsequently be drawn to their desired ratios to induce preferen-
ial alignment of the CNTs in the fibers �146�. Additional shear-
nduced alignment techniques can be viewed in Refs. �147,148�.

3.2.2 Electric-Field-Induced Alignment. The application of an
lectric field has also been shown to induce alignment of the
anotubes in a polymer matrix. In fact, exposing CNTs to an
lectric field during their stage of growth can yield highly oriented
NT forests on the growth substrate �149�. Introducing the poly-
er across the vertical nanotubes, a well aligned composite can be

ormed. This process has already been demonstrated by a number
f researchers, and the electric-field-induced alignment of CNTs
lready dispersed in a polymer matrix is also beginning to show

ome success.
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In the electric-field technique, a well-dispersed CNT polymer
suspension is deposited on a substrate having interdigitated elec-
trodes, or equivalently, the electrodes are dipped into the suspen-
sion, which is poured into a cast. In the presence of an electric
field, each conductive nanotube experiences a polarization both
parallel to the tube axis and in its radial direction. It has been
suggested that the static polarizability in the direction of the tube
axis is of greater magnitude than that across its diameter �150�.
This polarization introduces a dipole moment on the CNT, which
in turn leads to a torque �N� acting on the nanotube aligning them
against the viscous drag of the surrounding polymer in the direc-
tion of the electric field. Both dc and ac electric fields can be
applied. However, in the case of a dc field, the nanotubes not only
rotate to align themselves in the direction of the applied field but
also move according to their electrophoretic mobility toward the
electrode with the opposite sign �151�. This is ultimately caused
by the presence of a charged interface between the particle surface
and the surrounding polymer. Thus, over extensive curing times,
the application of a dc electrical field may induce favorable clus-
tering of the nanotubes near one end of the composite due to
migration effects. In the case of an ac field, the net electrophoretic
mobility equals zero and the nanotubes only rotate to orientate
themselves �151�. However, nanotubes aligned using either dc or
ac electric fields have a Coulombic attraction between them,
which arises from their oppositely charged ends. This in turn can
cause them to agglomerate in the lateral direction and form thick
CNT columns extending through the composite, giving rise to a
coarsening effect �152�. Furthermore, a nonuniform electric field
around the nanotube ends results in the movement of induced
dipoles toward the area with the highest field strength. This phe-
nomenon is called dielectrophoresis, and it too can induce migra-
tion of the nanotubes �153�. Figure 11 summarizes the key pro-

Fig. 11 Electric-field-induced alignment showing „a… a random
distribution of CNTs prior to application of an electric field, „b…
polarized CNTs rotating under the electric field, „c… an aligned
array of CNTs, and „d… the lateral agglomeration of the CNTs
„from Ref. †152‡…
cesses associated with the electric-field-induced alignment
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echnique. First, the nanotubes are randomly dispersed and ori-
nted in the polymer matrix, as shown in Fig. 11�a�. Upon the
pplication of an external electric field, the individual nanotubes
ecome polarized, which in turn leads to an electrically driven
orque, causing the nanotubes to rotate in the direction of the field,
s shown in Fig. 11�b�. Once the CNTs are aligned and charged,
eighboring tubes will interact by exerting attractive and repulsive
orces on each other. Consequently, the nanotubes will migrate
nd laterally agglomerate into thick bundles, as shown in Fig.
1�c�, giving rise to the coarsening effect. Coarsening effects may
e desirable for applications that require anisotropic properties.
igure 12 shows transmission optical micrographs of an epoxy
anocomposite with 0.1 wt % MWCNTs aligned using both dc
nd ac electric fields. In both the dc and ac electric-field samples,
he coarsening effect is visible as bands of alternating colors,
hile in the case of the dc field the CNTs have also clearly mi-
rated toward one side of the composite. In chemically function-
lized CNTs, the lateral agglomeration process occurs much
lower because these nanotubes have additional repulsive electro-
tatic forces acting between them, which arise from the charged
unctional groups on the walls of the CNTs. Chemical functional-
zation has been shown to counteract these coarsening effects and
rovide a stable solution during the curing process �154,152�. Al-
ernatively, one could use a fast curing epoxy system or a rapid
olymerizing matrix to help prevent the nanotubes from agglom-
rating in the lateral direction. Although the electric-field-induced
lignment technique appears straightforward, its success is very
ensitive to a combination of parameters, including CNT concen-
ration, electric-field strength and frequency, polymer viscosity,
emperature, and time.

Electrospinning is another related electric-field-induced align-
ent technique that has been shown to be effective in producing

ligned CNT polymer fibers �155–157�. This method uses an elec-
ric charge to draw very fine fibers from the liquid polymer. Spe-
ifically, when a sufficiently high voltage is applied to a liquid
olymer droplet, it becomes charged. The electrostatic repulsions
ounteract the surface tension of the liquid, and the droplet is
tretched and a charged liquid jet is formed. The liquid jet is then
longated through a whipping process caused by an electrostati-
ally driven instability until it is deposited on a collector surface.
n essence, this technique is analogous to mechanical fiber draw-
ng but has the benefit of being very effective in producing very
hin fibers without the need to apply a mechanical force to pro-
uce the desired elongation.

3.2.3 Magnetic-Field-Induced Alignment. The alignment of
NTs in a polymer matrix has recently been achieved using an
xternal magnetic field. The magnetic susceptibility of CNTs of
ifferent diameters and chiralities has been predicted using a va-
iety of different theoretical techniques �158–160�. Semiconduct-
ng nanotubes have been predicted to be diamagnetic �negative
usceptibility� both parallel and perpendicular to their longitudinal

Fig. 12 Transmission optical micr
containing 0.01 wt % MWCNTs durin
V/cm and „b… an ac field of 100 V/cm
xis. However, the susceptibility in the perpendicular direction has
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been predicted to have a larger magnitude, thus causing nanotubes
with these chiralties to orientate themselves parallel to the mag-
netic field. Metallic nanotubes, on the other hand, have been pre-
dicted to be paramagnetic in the direction of their longitudinal
axis, thus causing them to align parallel to the magnetic field
�159�. The magnetic-field-induced alignment technique consists in
dispersing the CNTs in the polymer solution and subsequently
casting the solution on a substrate located inside a strong magnet
�161,162�. While the film is being dried or cured, the nanotubes
align to the direction of the magnetic field, which can be either
parallel to the substrate or normal to it. Steinert and Dean �161�
applied this technique to align SWCNTs in a poly�ethylene tereph-
thalate� �PET� matrix. Samples with nanotube loadings of 0.5
wt %, 1.0 wt %, and 3.0 wt % were fabricated, and magnetic-field
intensities of 3.0 T and 9.4 T were used to align the nanotubes. It
was observed that the 3.0 T magnetic-field intensity was insuffi-
cient to promote a complete alignment of the nanotubes, with the
primary orientation being approximately 30 deg off-parallel. They
also observed that as the SWCNT concentration increased, the
effect of the magnetic field was diminished, which was likely
caused by increased restriction to CNT mobility due to the in-
creasing solution viscosity. However, it was shown that the higher
9.4 T magnetic field was sufficient to overcome this obstacle and
produce a highly aligned CNT composite. These observations
show that while the magnetic-field-induced alignment technique
looks ideal, it also has its drawbacks associated with the relatively
weak magnetism of CNTs. It requires strong magnetic fields of
approximately 7 T �fields as high as 166 T have also been reported
�163��. Therefore, the samples are usually placed in a narrow bore
of a superconducting magnet, and there have even been cases
where magnetic resonance imaging �MRI� machines have been
used to provide the intensive magnetization �161�. Alternatively,
one may use magnetic nanoparticles that interact with the nano-
tubes to increase their susceptibility to the magnetic fields
�164,165�. The relative rarity of strong magnets and small sample
sizes still limit the popularity of this alignment method. However,
contrary to the electric-field-induced alignment technique, which
tends to cause lateral agglomeration of the nanotubes, a homoge-
neous magnetic field only reorients them.

3.2.4 Characterization of Nanotube Alignment. Once a pre-
ferred CNT alignment technique has been identified, the question
remains how to quantify the degree to which the nanotubes have
been aligned throughout the polymer matrix. This becomes par-
ticularly important when optimal processing parameters need to
be identified, and the effects of such aspects as functionalization,
aspect ratio are to be quantified. The use of both azimuthal or phi
scanning X-ray diffraction �166–169� and polarized Raman spec-
troscopy �170–174� has been shown to be particularly effective in
quantifying the degree of CNT alignment in composite materials.
X-ray diffraction patterns tend to show modulations in the azi-
muthal intensity distributions for preferential orientations of the

aphs of an epoxy nanocomposite
uring at 80 C in „a… a dc field of 100
om Ref. †151‡…
ogr
g c
nanotubes. Two symmetric diffracted arcs in the patterns are char-
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cteristic features of highly aligned CNT composites, while a uni-
orm intensity of the diffraction ring is characteristic of a random
rientation. The analysis of these Bragg intensities yields quanti-
able information regarding the degree of CNT alignment in the
omposite. For example, a typical 2D X-ray diffraction pattern of
n as-cast composite film containing randomly oriented MWCNTs
s shown in Fig. 13�a�, as taken from Ref. �167�. The narrow ring

arked by the arrow is the Bragg peak of the nanotubes and
anoparticles. The data are plotted as intensity versus 2� �angle
etween the transmitted and diffracted beams� and azimuth angle

in the rectangular panel. As can be seen, the intensity is rela-
ively constant with respect to the azimuth angle. Figure 13�b�
hows the 2D X-ray diffraction pattern of a mechanically drawn
omposite film. The Bragg intensity is now concentrated at two
pots located at 90 deg and 270 deg. The integrated intensity of
hese diffracted arcs as a function of the azimuthal angle results in
eaks. The breadth of the peak at half its maximum �FWHM� is
nversely proportional to the degree of CNT alignment. For this
articular example, the 330% drawn composite exhibits aligned
anotubes with a mosaic angle of about �23.2 deg around the
tretching axis.

An alternative method of quantifying the degree of CNT align-
ent in composites is through polarized micro-Raman spectros-

opy. Since nanotubes can be considered a one-dimensional ma-
erial, the use of light that is polarized parallel or perpendicular to
he tube axis will show the low dimensionality of the nanotubes.
his technique consists of analyzing the intensity of the Raman
eaks at 202 �A1g-active mode� and 1509 cm−1 �graphite-
riented E2g mode� as a function of the angle between the fo-
used beam and the composite axis. It has been observed that for
cattered light analyzed parallel to the incident laser polarization,
ll CNT Raman peaks exhibit a dramatic decrease in intensity as
he nanotube orientation is rotated from a parallel to perpendicular
onfiguration with respect to the incident polarization. Therefore,
igher intensity peaks along the composite axis correspond to a
igher degree of nanotube alignment. Figure 14 shows the polar-
zed Raman spectra of a 1 wt % SWCNT melt-spun PMMA fiber

ig. 13 2D X-ray diffraction pattern of „a… an as-cast compos-
te film containing randomly oriented MWCNTs and „b… a me-
hanically drawn MWCNT composite film „from Ref. †167‡…
172�. The peak intensities decrease with increasing misalignment.
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3.3 Theoretical Investigations of the Mechanical
Properties. There are a variety of modeling methods in use,
which aim not only to simulate material behavior at a particular
scale of interest but also to assist in developing new materials
with highly desirable properties. These scales can range from the
basic atomistic to the much coarser continuum levels. The hierar-
chy of modeling methods consists of quantum mechanics �QM�,
MD, micromechanics �MM�, and finally continuum mechanics.
Quantum mechanics is used to develop energy density functions at
the subatomic level. Quantum effects can be described using the
tight-binding method. This method is capable of capturing the
physics of the problem at the angstrom level. However, it is un-
realistic to extrapolate the results of this method to the continuum
level for engineers to use in design. Similarly, MD is a computa-
tional method fit for scales in the nanometer range. All of the
physics in the MD method are contained in the forces acting on
each atom in the system. These forces are determined from inter-
atomic potentials, which provide the constitutive relations at this
scale. On the other hand, MM techniques employ continuum con-
cepts to develop field variables for solids containing defects and
inhomogeneities at the micrometer level. Finally, continuum me-
chanics is best suited for scales above the millimeter range where
homogenization and averaging techniques deem enough accuracy
to describe the material. Individually, each of these methods is
accurate and best suited for its own length scale, and modeling
inaccuracies can arise from the improper enforcement of a specific
technique associated with a particular length scale on other length
scales. Furthermore, it would not only be impractical but also very
costly to attempt to model an entire continuum using MD because
each individual atom would have to be simulated in the model.
Many engineering problems are characterized in terms of multiple
scales and require a novel approach to describe their behavior. In
this case, it is carried out using multiscale computational model-
ing techniques, which can describe the behavior of materials on
scales ranging from atomistic to continuum.

The outstanding mechanical, electrical, and thermal properties
of CNTs make them ideal candidates for use as reinforcing agents
in polymer materials. However, excellent nanotube properties do
not necessarily translate into the same properties for the bulk com-
posite. Several issues pertaining to the alignment, dispersion, as-
pect ratio, orientation, and load transfer need to be optimized in
order to achieve the best properties of the composite. Since ex-
perimentation at the nanoscale is still a developing field, the best
way to quantify the effects of such parameters is through compu-
tational modeling techniques. To date, there have been a vast
number of numerical models developed for the characterization of
nanocomposites primarily because of the different modeling tech-
niques that can be adopted. This section will review the numerical
efforts of the research community in predicting the mechanical

Fig. 14 Raman spectra of a 1 wt % SWCNT melt-spun PMMA
fiber „from Ref. †172‡…
properties of CNT-reinforced composites. This section will be di-
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ided into atomistic, continuum, and multiscale efforts due to the
bundant research devoted to understanding the mechanics of
hese materials.

3.3.1 Atomistic Modeling. Atomistic methods, such as mo-
ecular dynamics, have been extensively used to model this class
f materials. In the MD approach, classical equations of motion
or each atom are integrated stepwise in time. These time steps
an range from 1 fs to 10 fs, and the corresponding simulation
imes can range from several picoseconds to nanoseconds, de-
ending on the system being investigated. Due to the number of
egrees of freedom involved, these approaches are generally com-
utationally intensive and limited by the realistic system sizes that
hey can represent. Even the use of state-of-the-art parallel super-
omputers can only handle a limited number of atoms ��109�,
orresponding to less than 1 �m3 �175,176�. Therefore, the ato-
istic level approaches can presently only model short-nanotube

egments and a small number of short polymer chains. Such mod-
ls are normally applied in investigations related to the interfacial
onding mechanisms of CNTs with a variety of polymer systems.
hese include polyethylene �PE�, poly-m-phenylenevinylene

PmPV�, polystyrene �PS�, polyamide-6 �PA6�, PMMA, and
olyaniline �PANI�, to name a few. However, emphasis has been
laced on the former due to its relatively simple atomic composi-
ion of hydrogen and carbon atoms with well established bonding
nteractions.

Lordi and Yao �135� studied the interfacial adhesion mecha-
isms of CNTs embedded in a variety of polymer matrices. They
sed force-field-based molecular mechanics calculations to deter-
ine binding energies and sliding frictional stresses between the
NTs and surrounding polymers. The results of the study indi-
ated that the binding energies and frictional forces only play a
inor role in determining the ISS. Figure 15 depicts the equilib-

ium helical configuration of two molecular variants of PPA
round an armchair nanotube, namely, cisoidal PPA shown in Fig.
5�a� and transoidal PPA shown in Fig. 15�b�. In both variants, the
henyl functional groups are clearly seen attached to the backbone
f the PPA chain and extending outward in the direction of the
urrounding polymer. Lordi and Yao determined that this form of
elical wrapping of the polymer chains in noncovalently function-
lized CNTs does in fact contribute significantly to the increase in
he ISS. Frankland et al. �177� investigated the effect of chemical
ross-linking or functionalization via molecular dynamics simula-
ions employing a many-body bond-order potential that allowed
or the formation of chemical bonds and rehybridization. They
onsidered both amorphous and crystalline polyethylene matrices.
heir simulations predicted that the ISS can be increased by over
n order of magnitude from the introduction of cross-links involv-
ng less than 1% of the carbon atoms in the nanotube structure.
igher interfacial shear stresses were observed for the crystalline

omposites in both nonbonded and cross-linked configurations.
urthermore, their investigation also predicted a negligible change

n the tensile modulus of the CNT considered. Gou et al. �178�
sed both molecular mechanics and molecular dynamics simula-
ions to study the load transfer and interfacial properties of indi-
idual SWCNTs and CNT ropes. The ISS was calculated to be up
o 75 MPa for a SWCNT embedded in a polymer matrix. The
imulations also showed that individual CNTs have stronger inter-
ctions with the surrounding polymer and hence provide better
oad transfer when compared with the CNT rope. In a separate
nalysis, Guo et al. �179� used molecular mechanics to investigate
he corresponding ISS for a three CNT rope system embedded in
n epoxy resin. They performed pull-out simulations of one CNT
rom the three CNT rope system and the pull-out of the three CNT
ope system from the epoxy. They reported a shear stress of 61

Pa and 36 MPa for the pull-out of one CNT and the three CNT
ope, respectively. More recently, Zheng et al. �180� used both
olecular mechanics and molecular dynamics to study the effect

f chemical functionalization on the interfacial bonding character-

stics of a SWCNT embedded in a polyethylene matrix. They

50801-12 / Vol. 63, SEPTEMBER 2010
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investigated the effect of several different functional groups and
found that the ISS can improve by as much as 1700% for cases
involving 5% of the carbon atoms in the CNT functionalized with
phenyl groups. Figure 16 depicts the structure of the different
functional groups considered in their analysis and how they are
chemisorbed on the surface of the CNT. The figure also aids in
illustrating the key difference between noncovalent and covalent
functionalizations; namely, covalently functionalized CNTs have
functional groups grafted on their surface, whereas noncovalent
functionalized CNTs are wrapped by a polymer chain with the
functional groups mounted on the backbone of the chain and ex-
posed to the surrounding matrix. Wei �181� studied the tempera-
ture dependent adhesion behavior and the reinforcement effect of
CNTs in a polyethylene matrix through molecular dynamics simu-
lations. Wei only considered van der Waals interactions in his
model and established a lower bound ISS of approximately 47
MPa, which was found to be in excellent agreement with the
experimental measurements of Barber et al. �182�. Liu et al. �12�
used molecular dynamics to investigate a hybrid system of non-
covalent and covalent functionalizations. They found that the in-
terfacial shear strength for a pristine SCNT/epoxy system was
approximately 170 MPa. When noncovalently functionalized, the
ISS increased to 290 MPa and to 690 MPa when covalently func-

Fig. 15 Helical configurations of two molecular variants of
PPA: „a… cisoidal PPA and „b… transoidal PPA „from Ref. †135‡…
tionalized. Furthermore, the hybrid system resulted in an ISS of

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



9
c
r
b
t
l

v
T
e
s
l
c
t
s
p
t
n
o
G
R
d
p
c
s
p
P

A

Downloa
40 MPa. Xiao and Liao �183� developed a nonlinear microme-
hanical model to simulate nanotube pull-out in which thermal
esidual stresses, Poisson’s contraction, and the nonlinear elastic
ehavior of the CNTs were considered. Their results suggested
hat the distribution of interfacial shear stress along the CNT
ength is sensitive to the CNT’s elastic nonlinearity.

The stress-strain response of CNT-reinforced polymers was in-
estigated using molecular dynamics by Frankland et al. �184�.
hey considered both continuous and discontinuous SWCNTs
mbedded in polyethylene matrices. Frankland et al. obtained the
tress-strain curves for both systems under tensile and transverse
oading conditions. The long-nanotube composite showed an in-
rease in the stiffness relative to the polymer and behaved aniso-
ropically under the different loading conditions considered. The
hort-nanotube composite showed no enhancement relative to the
olymer, which they attributed to the low aspect ratio of the nano-
ubes. The stress-strain curves obtained from the molecular dy-
amics simulations were also compared with corresponding rule-
f-mixture predictions. Similar simulations were performed by
riebel and Hamaekers �185�, where they used the Parrinello–
ahman approach to apply an external stress to the system to
erive the stress-strain relations of a SWCNT polyethylene com-
osite. Again, both short and infinite nanotube configurations were
onsidered. Han and Elliot �186� used molecular dynamics to
tudy the elastic moduli of a SWCNT-reinforced polymer com-
osite. Two amorphous polymer matrices were considered,

Fig. 16 Morphology of different fun
CNT „from Ref. †180‡…
MMA and PmPV. A constant-strain energy minimization method
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was then applied to calculate the axial and transverse elastic
moduli of the composite system. A comparison with the traditional
rule-of-mixture systems showed that for strong interfacial interac-
tions, there can be large deviations of the results from the rule of
mixtures.

Zheng et al. �187� studied the influence of nanotube chirality on
the interfacial bonding characteristics in a PMMA polymer using
MD. They considered five different SWCNTs with similar lengths,
diameters, and atomic compositions but with varying chiral indi-
ces. They conducted pull-out simulations to investigate the inter-
action energy, interfacial bonding energy, and shear stress of the
composite. It was shown that all the above attain highest values
for the armchair system, while the zigzag nanotube composite
system produced the lowest values. Therefore, for SWCNTs with
similar molecular weights, diameters, and lengths, the armchair
will act as the best reinforcing agent. Chowdhury and Okabe
�188� studied the influence of polymer matrix density, chemical
cross-link formation, and CNT geometrical defects on the interfa-
cial shear strength via molecular dynamics simulations. They con-
cluded that all parameters significantly affect the resulting ISS
with an increase observed for cases involving increased polymer
density and cross-link density and a decrease with the consider-
ation of structural defects in the CNT.

Chen et al. �189� performed MD simulations to study the inter-
action energy SWCNTs and polyphenylacetylene �PPA�. The in-
fluence of nanotube chirality, temperature, and chemical modifi-

nal groups grafted on the wall of a
ctio
cation on the interfacial adhesion of nanotube-PPA was
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nvestigated. The results showed that the interaction energy be-
ween the SWNTs and PPA is strongly influenced by chirality, but
he influence by temperature could be negligible. They also con-
luded that the armchair SWCNT would perform best as a rein-
orcing agent when compared with other SWCNTs with similar
olecular weights, diameters, and lengths. They also investigated

he effect of chemical functionalization on the wrapping ability of
he polymer chains. They concluded that the SWNTs modified by

ethyl or phenyl groups can be well-wrapped by PPA, while the
WNTs modified by other types of groups cannot. The results also

ndicated that the interaction energy between the SWNTs and PPA
ncreases with the increase in the concentration of functionalized
roups.

Liu et al. �190� investigated the absorption of polyethylene
hains on CNT walls under a wide range of temperatures. They
bserved that the van der Waals interactions between the polymer
nd the nanotube provide a very large interaction energy such that
he PE chains are absorbed as soon as they are put around the
NT. They also found that at higher temperatures the PE chains
rapped more compactly around the CNT, while at room tem-
erature the polymer chains were almost linear and aligned with
he CNT axis.

The influence of nanotube chirality and aspect ratio on the ad-
esion energy of a SWCNT and polyethylene matrix was investi-
ated by Al-Haik and Hussaini �191� using a molecular mechanics
orce field. They reported that nanotubes with lower chiral angles,
hich have higher aspect ratios in these simulations, have higher

dhesion energy. Furthermore, they also observed that the zigzag
onfiguration undergoes considerable deformation to achieve an
quilibrium configuration with the PE polymer, whereas the arm-
hair nanotube with relatively low adhesion energy undergoes
inimal deformation.

3.3.2 Continuum Modeling. The traditional framework in me-
hanics has always been the continuum. Under this framework,
aterials are assumed to be composed of an infinitely divisible

ontinuous medium, with a constitutive relation that remains the
ame for a wide range of system sizes. The underlying atomic
tructure of matter is neglected altogether and is replaced with a
ontinuous and homogeneous material representation. Continuum
pproaches have been applied to study nanoscale materials. How-
ver, traditional continuum-based models cannot accurately de-
cribe the influence of the nanofillers upon the mechanical prop-
rties, bond formation/breakage, and their interactions in the
omposite systems because they lack the appropriate constitutive
elations that govern material behavior at this scale. At the nano-
cale, traditional continuum mechanical concepts do not maintain
heir validity and gross oversimplifications can arise from the use
f a purely continuum model. For example, Chang et al. �192�
sed molecular mechanics to show that the classic relationship
etween Young’s modulus and the shear modulus in the elastic
heory of continuum mechanics is not retained for a SWCNT.
pecifically, if the classic formula is used, they showed that the
hear modulus would be well overestimated for SWCNTs with
arge chiral angles and underestimated for those with small chiral

Fig. 17 The use of micromechanical modeling
atomistic to macroscopic systems
ngles. However, the continuum approach can still provide valu-
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able insights into the effects of such parameters as CNT curvature,
aspect ratio, and volume fraction on the effective mechanical
properties of CNT polymer composites. Futhermore, for compu-
tational simplicity and to adequately address scale-up issues, it is
also desirable to couple atomistic models with established micro-
mechanical techniques to describe the mechanical behavior of
polymer nanocomposites on a macroscopic scale. In this case, the
problem is often formulated at the atomistic level using the con-
cept of a representative volume element �RVE�, which is subse-
quently homogenized into a representative fiber having uniform
properties. The representative fiber is then used to describe the
nanophase and its immediate surrounding in the micromechanical
description. A schematic of this process is illustrated in Fig. 17.

Fisher et al. �193,194� developed a finite element �FE� model to
investigate the effect of CNT waviness on the Young’s modulus of
SWNCT-reinforced polymers. A schematic of their model is de-
picted in Fig. 18�a�. The figure clearly shows the wavy nature of
the CNT and also illustrates the continuum simplification in mod-
eling a nanotube as a thin walled cylinder where the atomic de-
scription has been ignored. The model assumed a fully bonded
configuration and used a sinusoidal curvature distribution function
to model different nanotube shapes in the matrix. The effective
stiffness of the curved nanotube unit cell was determined and used
in a micromechanical prediction of the effective nanocomposite
properties. They concluded that nanotube waviness can signifi-
cantly reduce the effective reinforcing modulus of the nanotubes
and thus limit the overall effective modulus of the reinforced
polymer, as shown in Fig. 18�b�, for a range of CNT volume
fractions. The same model was employed by Bradshaw et al.
�195�, where it was used to compute the dilute strain concentra-
tion tensor. This tensor was in turn used in a micromechanical
analysis to study the curvature effect on the effective elastic prop-
erties of aligned and randomly oriented nanocomposites. The re-
sults also showed that nanotube waviness results in a reduction in
the effective modulus of the composite. Furthermore, the degree
of reduction is dependent on the ratio of the sinusoidal wavelength
to the nanotube diameter. As this wavelength ratio increased, the
effective stiffness of a composite with randomly oriented wavy
nanotubes converged to the result obtained with straight nanotube
inclusions.

Chen et al. �196,197� developed an analytical model based on
the shear-lag theory to study the effect of CNT curvature on the
mechanical properties and pull-out response. The model ac-
counted for the entire pull-out process, namely, the bonded, deb-
onding, and sliding stages. Two interface friction models were
applied. They showed that a Coulomb friction model can better
account for the fiber curvature effect than a constant friction
model. A parametric study showed that fibers with more curva-
ture, longer embedded lengths, and higher friction interfaces with
the surrounding matrix required additional pull-out force and en-
ergy for complete pull-out. Pantano et al. �198� also studied the
effects of CNT waviness and interfacial bonding on the composite
stiffness using micromechanics. They recognized that in the case
of weak interfacial bonding, CNT waviness can actually increase

hniques as a means of providing a bridge from
tec
the stiffness of the composite. The transverse shear loads are
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ransmitted to wavy CNTs through lateral normal interactions with
he matrix. These transverse forces within the CNT generate lo-
ally varying bending moments along the CNTs. The strain energy
ssociated with local bending of wavy MWCNTs can thus provide
novel mechanism for enhancing polymer composite stiffness,

ven in the presence of weak interfacial bonding. Thostenson and
hou �199� used micromechanical techniques to investigate the
lastic properties of short and aligned CNT polymer composites.
hey concluded that the nanocomposite elastic properties are par-

icularly sensitive to the nanotube diameter since larger diameter
anotubes show a lower effective modulus and occupy a greater
olume fraction in the composite relative to smaller diameter
anotubes.

Recently, an interfacial cohesive law has been developed by
iang et al. and applied to study the interaction between CNT
alls �200� and CNT polymer composites �201�. The cohesive

aw and its properties are obtained directly from the Lennard–
ones potential from the van der Waals interactions. The cohesive
aw was used in a micromechanical analysis to predict the stress-
train behavior of CNT polyethylene composites �202�. The pre-
icted stress-strain curves displayed an intermittent decrease in
oth stress and strain due to the interface softening behavior dis-
layed in the cohesive law. The studies showed that CNTs indeed
mprove the mechanical behavior of composites at small strain.
owever, the improvement disappears at relatively large strain
ecause the debonded nanotubes behave like voids in the matrix
nd may even weaken the composite.

Chen and Liu �203,204� evaluated the effective mechanical
roperties of CNT polymer composites using a square RVE based
n continuum mechanics. They were able to extract the effective
lastic mechanical properties of both discontinuous and continu-
us CNT polymer composites by analyzing the RVE under a va-
iety of loading conditions. They found that with the addition of
nly about 3.6% volume fraction of the CNTs, the stiffness of the
omposite in the CNT axial direction can increase as much as
3% for the case of long CNTs.

Lusti and Gusev �205� used FE to investigate the effect of CNT
rientation, aspect ratio, and volume fraction on the elastic prop-
rties of CNT polymer composites. They considered fully aligned
wo-dimensional random in-plane and three-dimensional random
rientation states at various CNT concentrations. In their study,
he CNTs were modeled as massive cylinders, which were ran-
omly distributed in a computational cell using a Monte Carlo
lgorithm. Their results show that fully aligned nanotubes lead to
significant enhancement in the longitudinal properties, whereas

wo-dimensional random in-plane and three-dimensional ran-

Fig. 18 „a… A representative unit cell for the an
effect of nanotube waviness of the effective You
from micromechanical methods „from Ref. †194
omly oriented nanotubes increase the effective properties consid-
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erably less, but equally, in more than one direction.
Several micromechanical schemes including sequential homog-

enization and various extensions of the Mori–Tanaka method were
compared in a recent study of the elastic properties of SWCNT-
based polymers by Selmi et al. �206�. The comparative study
showed that for all composite morphologies considered �fully
aligned, two-dimensional in-plane random orientation, and three-
dimensional random orientation�, the two-level Mori–Tanaka/
Mori–Tanaka approach delivered the best predictions when vali-
dated using both experimental and FE results.

3.3.3 Multiscale Modeling. The mechanical deformation and
failure of many engineering materials are in fact multiscale phe-
nomena, and the observed macroscale behavior is governed by
processes that occur on many different length and time scales.
These processes are often dependent on each other and affect the
overall deformation. It is therefore necessary to model these sys-
tems using a variety of length scales, which accurately represent
the governing physics. Since various scales in the system depend
on each other, it is essential to formulate it in terms of multiscale
modeling, whereby the scales of interest are coupled or integrated
into a unified approach. Clearly, the degree to which these scales
are coupled would depend upon the system being investigated.
Hence, varied multiscale approaches currently exist in the litera-
ture �207–211�.

Most multiscale modeling techniques adopt either coupled or
atomistic-based continuum approaches to treat this class of prob-
lems. In the coupled approach, it is common to employ MD �or
tight binding �TB�� for atomistics and FE methods for continuum
scales. The coupled MD-FE methods can be further subdivided
into sequential and concurrent coupling methods. The sequential
approach assumes that the problem considered can be easily sepa-
rated into processes that are governed by different length and time
scales. In doing so, the simulations run independently of each
other, and a complete separation of both length and time scales is
achieved. The outputs �displacement or force fields� of the finer
scale simulation are used as boundary conditions for the coarser
scale. Since the simulations are not integrated, it is important to
feedback the force fields for comparison to ensure that the simu-
lations are converging. However, it should be noted that the
uniqueness of the solution is still not guaranteed. A schematic of
the sequential approach is given in Fig. 19.

Concurrent methods perform the entire multiscale simulation
simultaneously and continually feed information from one length
scale to the other in a dynamic fashion. Concurrent methods are
better suited in representing scales with a strong dependence be-

sis of wavy nanotubes and „b… the detrimental
’s modulus of a nanocomposite as determined
aly
ng
‡…
cause of the continuous transfer of information between the dif-
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erent scales. The passing of information ensures consistency
mong the field variables between the two simulation methods.
his two-way transfer of boundary conditions is achieved through

he use of a transition region depicted in Fig. 20. Unfortunately,
ost concurrent multiscale modeling techniques suffer from one

r more of the following difficulties: �i� the necessity of meshing
raditional FE regions down to the atomic scale, thus leading to
hysical inconsistencies and numerical difficulties, �ii� contamina-
ion of the solution due to wave reflection resulting from the im-
roper description of the transition zone, and �iii� the FE/MD
nergy mismatch leading to erroneous nonphysical effects in the
ransition region. A number of reviews detailing the different

odeling techniques, their merits, and limitations are provided in
efs. �212–214�.
The other multiscale modeling approach is the atomistic-based

ontinuum technique. It has the unique advantage of describing

ig. 19 Schematic of the sequential multiscale modeling
pproach

ig. 20 Transition region used to couple MD and FE methods

n concurrent multiscale techniques
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atomic positions, their interactions, and their governing inter-
atomic potentials in a continuum framework. The interatomic po-
tentials �deformation measures� introduced in the model capture
the underlying atomistic structure of the different phases consid-
ered. Thus, the influence of the nanophase is taken into account
via appropriate atomistic constitutive formulations. Consequently,
these measures are fundamentally different from those in the clas-
sical continuum theory. The strength of atomistic-based con-
tinuum techniques lies in their ability to avoid the large number of
degrees of freedom encountered in the discrete modeling tech-
niques while at the same time allowing for the description of the
nonlinear constitutive behavior of the constituents. A schematic of
this approach as it relates to the modeling of CNT structures is
depicted in Fig. 21.

Namilae and Chandra �215� developed a sequential multiscale
model linking molecular dynamics and the finite element method
to study the effect of chemical functionalization of the interfacial
properties. They used molecular dynamics to simulate nanotube
pull-out tests from which they obtained the corresponding traction
separation curves. They then used these results to evaluate cohe-
sive zone model parameters in a FE framework. They predicted
that an ISS as high as 5 GPa can be achieved through the chemical
bonding of the CNT and the matrix.

A sequential multiscale model was proposed by Odegard et al.
in which the nanotube, polymer matrix, and interface were all
combined and modeled by an effective continuum fiber �216,217�.
The fiber was developed through the use of an equivalent-
continuum modeling method. In this approach, MD was used to
model the molecular interactions between the nanotube and the
polymer. Then, micromechanical methods were employed to de-
termine the bulk properties of the effective fiber embedded in a
continuous polymer. The equivalent-continuum modeling method
consists of four steps. First, MD simulations are used to determine
the equilibrium structure of the composite, and a RVE of the mo-
lecular and equivalent-continuum models is created. The RVE can
be considered as a building block for the nanocomposite, which
encompasses the nanotube, the interface between the nanotube
and polymer matrix, and an outer polymer matrix body. Each of
the three components of the RVE is modeled independently using
different techniques. Second, the potential energies for the mo-
lecular model and effective fiber are derived and equated under
identical loading conditions. A truss model is used as an interme-
diate step to link the molecular and equivalent-continuum models
whereby each truss represents an atomic bond or a nonbonded
interaction. The third step consists in obtaining the constitutive
relationship for the effective fiber. Lastly, the overall constitutive
properties of the composite are obtained by use of the Mori–
Tanaka model. Figure 22 illustrates how the molecular level de-
scription of the system is related to the continuum level with an
intermediate truss model. The authors used this method to exam-
ine the elastic properties of the nanocomposite. Perfect bonding
between the effective fiber and surrounding polymer was as-
sumed. The elastic stiffness constants were determined for both
aligned and three-dimensional randomly oriented nanotubes as a
function of nanotube length and volume fraction. The Young’s
modulus was also determined for the three-dimensional randomly
oriented case as a function of volume fraction.

A hierarchical multiscale Monte Carlo finite element method
�MCFEM� was developed by Spanos and Kontsos �218� to deter-
mine the mechanical properties of polymer nanocomposites. In
their approach, special consideration was taken to account for the
nonuniform spatial distribution of the CNTs in the polymer in an
effort to closely replicate experimental results that are hindered by
the inhomogeneous dispersion of the nanofillers. This method ef-
fectively divides the composite into a grid of material regions,
similar to the RVE used in other techniques, each containing a
material point. The material points are introduced to model varia-
tions in the volume fractions of the CNTs. The finite element

method is used to discretize the structure into a set of unit cells
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ach with different homogenized properties. Here, the model uses
he equivalent-continuum technique developed by Odegard et al.
o determine the material properties of the SWCNT as an input to

Mori–Tananka micromechanical analysis, which subsequently
etermines the averaged properties of each unit cell. The finite
lement method computes estimates for the overall mechanical
ehavior of the nanocomposite. Finally, a statistical analysis of the
nsemble of the numerically generated results yields values for
he Young’s modulus and Poisson ratio of the composite.

The fracture behavior of CNT polymer composites and the
ucleation of Stone-Wales defects have also been studied with the
se of multiscale modeling. For example, Shi et al. �219� devel-
ped a three-scale model where the atomistic region was defined
s the region where Stone-Wales transformation and fracture were
xpected to initiate. A Stone-Wales defect, also termed the 5-7-7-5
efect, is when four hexagons in a nanotube undergo a transfor-
ation into two pentagons and two heptagons after reaching some

ritical strain. This is achieved through the 90 deg rotation of a
–C bond resulting in the elongation of the nanotube and release
f strain energy. This defect is thought to be one of the main
echanisms behind plastic deformation in CNTs and is depicted

n Fig. 23. In this region, the process of defect nucleation is de-

Fig. 21 Atomistic-based continuu
structures

ig. 22 Equivalent-continuum modeling technique „from Refs.

216,217‡…
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pendent on the directions and lengths of individual C–C bonds.
The bond interaction of the carbon atoms was modeled using the
Tersoff–Brenner potential, and a bond was assumed to be broken
once its length exceeded 0.2 nm. The immediate region outside
this atomistic zone is insensitive to the presence of the defects and
remains approximately in the hexagonal structure. Therefore, the
positions of the atoms in this region were determined using the
continuum medium method based on the Cauchy-born rule. The
polymer matrix surrounding the nanotube was modeled using con-
tinuum concepts. This model also employed the Mori–Tanaka
method to capture the interaction of individual CNTs, which may
influence their deformation and fracture behaviors. Throughout
the model, perfect bonding was assumed between the nanotube
and the polymer matrix. The authors studied the dependence of
Stone-Wales transformation on the chiral angle and diameter and
determined that the critical strain needed to nucleate the defect
was indeed dependent on the chiral angle but insensitive of the
diameter. The authors also concluded that Stone-Wales defects
become more difficult to nucleate in CNTs when they are embed-
ded in the polymer matrix.

Li and Chou �32� are responsible for the development of a
molecular structural mechanics approach that has been used ex-
tensively to model CNT-based structures. This approach falls
within the class of atomistic-based continuum methods. In this
approach, the CNT is modeled as a space-frame structure, where
the covalent C–C bonds are represented as beams joined together
by nodes that represent the atom positions, as depicted in Fig. 24.
The tensile resistance, flexural rigidity, and torsional stiffness of

technique as it relates to CNT
m
Fig. 23 Comparison of pristine and defected CNT structures
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he beams are determined by imposing energy equivalence on the
tructural mechanic and molecular mechanic energy descriptions
f the beam and bond deformation mechanisms. This provides a
elationship between the structural mechanics parameters and mo-
ecular mechanics force fields from which it is possible to obtain
inear relationships between the tensile and shear moduli of each
eam and the harmonic force constants. Li and Chou further ap-
lied this technique to the development of an atomistic-based con-
inuum model to study the compressive behavior of the bulk com-
osite �220�. In this approach, the nanotube was modeled by the
olecular structural mechanics approach, the polymer matrix was
odeled at the continuum scale by the finite element method, and

he interface between the nanotube and polymer was represented
y a truss rod model whereby the atomic interactions are based on
he Lennard–Jones potential. By use of this model, the authors
onsidered two cases of loading, isostress and isostrain conditions.
or both loading conditions, the model showed that the maximum
hear stresses occurred at the nanotube ends and the shear stresses
anish at the middle section of the nanotube. They also concluded
hat the buckling force is dependent on the volume fraction of the
anotube and increases with increasing nanotube length.

The molecular structural mechanics approach was also used by
ao and Li in their multiscale shear-lag model �221�. It was used

o define the elastic properties of the CNT, which was then ho-
ogenized into an effective fiber of the same geometrical dimen-

ions. The homogenized CNT was then used as one of the con-
tituents in a RVE. A continuum-based shear-lag analysis of the
VE was then carried out using the elasticity theory for axisym-
etric problems. From their analysis, predictions of the interfacial

hear stress and other axial stress components in both the nano-
ube and the matrix were obtained.

The elastic properties of CNT polymer composites under vari-
us loading conditions were also studied through the development
f a multiscale model by Hu et al. �222�. In this model, a RVE was
reated, which encompassed the nanotube, the transition layer be-
ween the nanotube and the polymer matrix, and the outer poly-

er matrix body. An equivalent beam model of the nanotube was
eveloped using a combination of molecular mechanics and struc-
ural mechanics approaches. This way, a relationship between the

aterial properties of the beam element and molecular mechanic
orce fields is obtained in a similar fashion to the study by Li and
hou �32�. In order to describe the interaction between the nano-

ube and polymer matrix, the authors used molecular mechanic
nd dynamic approaches to obtain the thickness of the transition
ayer or the equilibrium distance between the nanotube and the
olymer. The transition layer and outer polymer matrix were mod-
led using the finite element method. In this study, no chemical
onding was assumed between the nanotube and polymer. In this
ase, the Lennard–Jones potential was used to characterize the
nteraction between the nanotubes and polymer matrix. The au-
hors used the model to study the effects of such parameters as
olume fraction of nanotubes, stiffness of the transition layer, and
ength of the polymer chain on the elastic properties of the bulk
omposite composed of short unidirectional nanotubes.

Fig. 24 Atomistic-based conti
Tserpes et al. �223� developed an atomistic-based continuum

50801-18 / Vol. 63, SEPTEMBER 2010

ded 02 Mar 2011 to 128.100.48.220. Redistribution subject to ASM
RVE for modeling the tensile behavior of the bulk composite. A
progressive fracture model based on the modified Morse potential
was used to simulate the behavior of the individual nanotubes,
which were then inserted into the matrix to form the RVE. The
choice to use the modified Morse potential was enforced by its
simplicity over many-body potentials as well as its compatibility
with the finite element method. From the progressive fracture
model, the authors were able to obtain the stress-strain curves for
the nanotubes, which were then used to obtain expressions for the
Young’s modulus. These expressions were assigned to the beam
elements used to represent the nanotubes in the construction of the
RVE. To accurately capture the debonding between the nanotube
and polymer, the authors used a shear-lag approach to obtain the
shear stresses along the nanotube element. If the shear stress ex-
ceeded the interfacial shear stress, the interface was assumed to
have failed and the load carrying ability was removed from the
nanotube element by reducing the stiffness of the element to a
very small number. The authors noticed a significant enhancement
in the stiffness of the polymer by the addition of nanotubes. They
also studied the effect of the interfacial shear strength on the ten-
sile behavior of the composite and concluded that the stiffness
was unaffected while the tensile strength decreased significantly
with decreasing interfacial shear strength.

3.4 Experimental Investigations of the Mechanical
Properties. When the structural perfections of the CNT were first
reported by Iijima in 1991 �27�, there was much speculation that
these carbonaceous fibers could be the strongest known materials.
Since that time, the outstanding mechanical properties of CNTs
have indeed been verified, and they are now being viewed as the
most promising reinforcing agents in high-performance composite
materials for a variety of structural applications. Consequently,
there have been numerous efforts by researchers from laboratories
all over the world to realize these outstanding improvements in
the mechanical properties of a variety of different host polymeric
matrices. The experimental measurements of the mechanical prop-
erties of CNT composites are so abundant that they can very well
be the focus of a single comprehensive review. Therefore, this
section will primarily address the most recent and significant im-
provements in strength, stiffness, and fracture toughness available
in literature and will identify the dispersion technique, the optimal
CNT concentration, and, if used, the details of the functionaliza-
tion or surface pretreatment process.

3.4.1 Strength and Stiffness. The enhancement of the modulus
of a polymer reflects the ability to transfer stress from the polymer
matrix to the high modulus CNTs. Therefore, strong interfacial
adhesion between the polymer and CNT is preferred for the stiff-
ening of the composite. An enhancement in the strength of a poly-
mer also reflects a strong interaction between the polymer and
CNTs; however, strength is also affected by the presence of de-
fects, voids, agglomerates, and other inclusions, which serve to
initiate fracture. The published experimental data show that the
tensile stiffness of CNT composites is generally improved; how-

m CNT space-frame structure
ever, a comparison of the data is difficult given the significant
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ariability in processing techniques, types of CNTs, surface treat-
ents, polymer matrices, and test methods that have been used.
he enhancement in stiffness is usually most prominent in the low
NT weight fractions. With regard to reinforcing polymeric ma-

rices with CNTs to improve their strength and stiffness, both
WCNTs and SWCNTs have been used with varied levels of

uccess. MWCNTs are generally preferred due to their relatively
ower production cost; however, the internal layers of MWCNTs
end to slide within one another and undermine the load bearing
apability of the nanotubes; only the outer shells of MWCNTs
end to carry the load. This is because only weak van der Waals
nteractions transfer loads between the neighboring shells. As a
esult, the inner layers can rotate and slide freely.

Perhaps the most remarkable improvement in both the tensile
odulus and yield strength of a polymer through the dispersion of
NTs was observed by Liu et al. �224�. By dispersing only 2 wt %
WCNTs in a nylon-6 �PA6� matrix, Liu et al. observed an in-

rease of approximately 214% in the tensile modulus and of 162%
n the yield strength. The MWCNTs were first purified by dissolv-
ng a catalyst in hydrochloric acid followed by refluxing in 2.6M
itric acid as a means of increasing more carboxylic and hydroxyl
roups. Composite samples then were prepared via a melt com-
ounding method. They attributed these impressive improvements
n the stiffness and strength to a uniform and fine dispersion of the
NTs and good interfacial adhesion between the nanotubes and
atrix, which were assessed using SEM. In contrast, Liu et al.

225� also used the melt compounding method to fabricate
WCNT/PA6 composite specimens. The MWCNTs used in their

tudy were synthesized in ethanol flame, which was shown,
hrough the use of a variety of microscopy techniques, to produce
ctive functional groups on the surface of the MWCNTs. These
WCNTs were further functionalized with n-hexadecylamine
olecules. Through the use of SEM, they concluded a uniform

ispersion and good wetting with the PA6 matrix. However, the
bserved improvements in the tensile modulus and tensile strength
ere only approximately 29% and 6% for cases involving 1 wt %
NTs, respectively. In another recent study, Sahoo et al. �141�
ispersed carboxyl-functionalized MWCNTs in a PA6 matrix.
hey used both an internal mixer and an extrusion process to
isperse the CNTs in the PA6 matrix. They observed a maximum
ncrease of approximately 126% in the tensile strength when 10
t % of the functionalized MWCNTs were incorporated in the

A6 matrix. This clearly demonstrates a significant variability in
he results of three separate experimental studies that used the
ame fabrication method and constituent materials and both claim-
ng uniform dispersions and good wetting with differences only in
he pretreatment processes of the MWCNTs. It is anticipated that
hile the ethanol flame CNT synthesis method can produce CNTs
ith inherent functional groups it may also introduce considerable
efects in the walls of the CNTs, which may help explain the
ignificantly lower improvements observed by Liu et al. �225�.

Gojny et al. �226� investigated the mechanical properties of an
poxy reinforced with both nonfunctionalized and amino-
unctionalized CNTs. One of the objectives of the study was to
dentify the best nanofiller when SWCNTs, double-walled carbon
anotubes �DWCNTs�, and MWCNTs were considered. The nano-
omposites were produced using the same processing conditions
nd systematically varying CNT type, content, and surface func-
ionality. The CNTs were dispersed in the two component epoxy
ystem using the calendering approach followed by intense mix-
ng with the hardening agent. TEM micrographs seemed to con-
rm a uniform dispersion of the CNTs with fewer agglomerates
bserved in the case of DWCNTs and MWCNTs as these nano-
llers tend to exhibit lower specific surface areas when compared
ith SWCNTs. In all cases, amino-functionalized CNTs produced
etter results when compared with nonfunctionalized CNTs,
hich can be attributed to the better interfacial adhesion of the
NTs and epoxy and to the improved dispersion. The results
howed that the greatest improvements in both tensile modulus
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and strength were observed for the amino-functionalized
DWCNTs at concentrations of about 0.5 wt % with improvements
of approximately 14.5% and 8.4%, respectively. It was expected
that SWCNTs would provide the highest improvement in these
properties given that these fillers have the largest specific surface
area and aspect ratio; however, the DWCNTs did not agglomerate
as pronounced as SWCNTs. In general, MWCNTs, whether func-
tionalized or not, actually degraded the tensile modulus and ten-
sile strength over that of the pure epoxy. This was attributed to the
absence of stress transfer between the internal layers of the
MWCNTs and to the relatively low specific surface area and as-
pect ratio present. Figures 25�a�–25�d� summarize these results.
Similar observations were made by Ji et al. �227� in their experi-
mental measurements of MWCNT-reinforced polystyrene com-
posites. In a more recent study by Guo et al. �228�, MWCNTs
were functionalized through a nitro sulfuric acid treatment and
dispersed in an epoxy using a sonication technique. They ob-
served a 35.5% increase in the tensile modulus and a 10% in-
crease in the tensile strength when the epoxy was reinforced with
3 wt % functionalized MWCNTs. Prashantha et al. �229� fabri-
cated MWCNT/polypropylene composites using a melt com-
pounding method. They observed a 68% increase in the tensile
modulus and a 30% increase in the tensile yield strength at CNT
concentrations of 5 wt % and 3 wt %, respectively.

PET nanocomposite films were prepared by melt-extruding
mixtures of PET and functionalized MWCNTs in a recent study
by Yoo et al. �230�. Carboxyl, benzyl, and phenyl functionalized
MWCNTs were used with the view of identifying the best func-
tionalization process for improving both the thermal and mechani-
cal properties. In all cases corresponding to a CNT concentration
of 3 wt %, the tensile modulus was improved over that of the pure
PET; however, only phenyl and benzyl functionalized MWCNTs
produced an improvement in the tensile strength. The phenyl
functionalized MWCNT samples produced the largest enhance-
ment in both properties. This was attributed to a more uniform
dispersion and better interfacial bonding arising from the phenyl
functionalization process when compared with the others.

In contrast to the experiments cited above, where the nanocom-
posites were fabricated as a film or cast into a desired shape, there
has also been some recent interest in fabricating polymeric com-
posite fibers reinforced with CNTs. In this case, the improvements
in the mechanical properties have been much more significant. For
example, Chang et al. �231� fabricated polypropylene fibers rein-
forced with SWCNTs using a fiber spinning process. The CNTs
were dispersed in the polypropylene via mechanical stirring. The
tensile modulus of the composite fibers increased a remarkable
300% as a result of 1 wt % SWCNT loading. Significant increases
were also observed in the tensile strength; however, these values
were not presented. Likewise, Rangari et al. �146� fabricated PA6
composite fibers reinforced with a combination of both nonfunc-
tionalized and functionalized SWCNTs and MWCNTs. The com-
posites were fabricated using a melt extrusion technique. As a
result of the CNT reinforcement, they observed an increase of
231% in the tensile strength for cases involving 0.5 wt % func-
tionalized CNTs and an increase of 787% in the tensile modulus
for the same system. A possible explanation for these remarkable
improvements is that both the fiber spinning and melt extrusion
fabrication techniques are known to inherently align the nanotubes
in the direction of the longitudinal fiber axis, thus maximizing the
reinforcing potential of the CNTs. In contrast, much of the experi-
mental results discussed above employ random distributions of the
CNTs in the polymeric matrix.

The impact strength of polymer materials can also be signifi-
cantly improved through the homogeneous dispersion of CNTs.
Yuan et al. �232� dispersed both modified and pristine MWCNTs
in a polystyrene matrix using a twin extruder system. The modi-
fied specimens were noncovalently functionalized to induce PS
wrapping around the MWCNT. At a nanotube content of 0.32

wt %, the modified MWCNT composite displayed a 250% in-
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rease in impact strength as compared with the pure PS and the
ristine MWCNT composite had a 150% increase. Furthermore,
he tensile strength of the pristine MWCNT composite descended
lightly with the addition of nanotube content, whereas that of the
odified MWCNT composite ascended slightly. In comparison,
rashantha et al. �229� investigated the impact strength of
WCNT/polypropylene composites fabricated using a melt com-

ounding method. They conducted charpy impact tests on both
otched and un-notched test specimens. With increasing nanotube
ontent, the impact resistance for the un-notched samples de-
reased significantly. On the other hand, the charpy impact
trength for the notched specimens of MWCNT/PP nanocompos-
tes slightly increased as the MWCNT content increased. The
otched specimens bearing 2 wt % MWNT showed a 40% in-
rease in impact energy compared with that of the neat PP. Yang et
l. �14� observed substantial improvements in the impact strength
f an epoxy system dispersed with as-received MWCNTs and
riethylenetetramine �TETA� functionalized MWCNTs using a
onicating treatment. At 0.6 wt %, the as-received MWCNTs pro-
uced an increase of 35% in the impact strength when compared
ith that of the pure epoxy matrix. In comparison, the impact

trength of the epoxy at 0.6 wt % TETA functionalized MWCNT
oading was improved by 84%, which was attributed to the im-
roved dispersability of the nanotubes. Improvements in the bend-

Fig. 25 A comparison of the „a… ultimate tensile strength o
tubes and „b… functionalized nanotubes and „c… the Young’s
alized nanotubes and „d… functionalized nanotubes „from Re
ng strength and stiffness were also observed. For the case of 0.6
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wt % as-received MWCNTs, the bending strength and stiffness
increased by 12% and 9%, respectively. In comparison, the TETA
functionalized MWCNTs provided an enhancement of 29% and
22% in the bending strength and stiffness, respectively.

3.4.2 Fracture Toughness. Polymeric resins such as epoxies,
which are extensively used as the matrix phase in advanced com-
posite structures, provide excellent strength, stiffness, thermal sta-
bility, and chemical and environmental resistivities but possess
relatively low toughness. Improving the fracture toughness of
brittle polymers such as epoxies has the potential to significantly
improve the service life of products made from composite mate-
rials. The stringent requirements of a number of industries, such
as aerospace and automotive, necessitate the reinforcement of
these materials. A number of techniques have been considered to
improve the fracture toughness of epoxies. They include the for-
mulation and modification with other materials such as the addi-
tion of carbon, nylon or glass microfibers, rubber, liquid rubber
and rubber precipitates, reactive ductile diluents, and inorganic
hybrid particles, among others. While some improvements in
bond properties have been observed �233,234�, these additives can
also lead to reductions in high temperature service capabilities,
low impact strength, sensitivity to moisture, and poor shrinkage
characteristics �235�. For example, a common method of tough-

oxy-based composites containing nonfunctionalized nano-
dulus of epoxy-based composites containing nonfunction-
226‡…
f ep
mo
ening epoxy adhesives is blending the primary resin with other
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olymers, such as thermoplastics and elastomers. However, this
echnique usually combines both the good and bad characteristics
f each resin system. Epoxy-nylon adhesives provide a major im-
rovement in toughness over a pure epoxy formulation, but they
ave sensitivity to moisture because of the nylon constituent.
lastomeric particles such as rubber have also been used to

oughen adhesives. The rubber inclusions absorb energy and stop
racks from propagating throughout the bondline. However,
ubber-based adhesives have low glass transition temperatures.
he addition of heat will soften the adhesive and directly affect its

unction. In all the above hybrid systems, the added toughening
esin reduces the overall glass transition temperature of the sys-
em, thereby reducing elevated temperature performance and en-
ironmental resistance �235�. In an effort to improve the fracture
oughness of polymers, at little or no cost to other properties, a
umber of researchers have attempted to use nanofillers such as
NTs, which have actually been shown to improve secondary
spects as well, such as the glass transition temperature and ther-
al stability �141,230,236�. Based on the experimental results, the

einforcement of brittle polymers such as epoxies through the ho-
ogeneous dispersion of CNTs has resulted in significant im-

rovements in fracture toughness when compared with the neat
olymer system. As a result of these experimental data, investiga-
ions into the dominant toughening mechanisms associated with
hese improvements have begun.

Several experimental efforts have been made to improve the
racture toughness of polymer systems through the homogeneous
ispersion of CNTs. Gojny et al. �8� examined the fracture tough-
ess of CNT/epoxy composites containing functionalized and
onfunctionalized DWCNTs dispersed through shear mixing in an
poxy matrix. The fracture toughness for functionalized DWCNTs
as found to increase by as much as 26% compared with the pure

poxy matrix, when a filler content of 1 wt % was used. A sum-
ary of their results can be seen in Fig. 26. Lachman and Wagner

237� investigated a multitude of different CNTs and other nano-
articles as a means of improving the fracture toughness of a
ommon epoxy. These included carbon black, carbon nanofibers,
ristine MWCNTs, and two different forms on functionalized
WCNTs, namely, carboxylated and aminated. The nanofillers
ere dispersed in the epoxy by means of mechanical stirring and

onication. Figure 27 presents the results of their test. As can be
een, the CB- and CNF-based composites showed no significant
mprovement in fracture toughness, whereas all CNT polymer
omposites displayed significantly higher fracture toughness val-
es when compared with the pure epoxy. The toughening effect is
he highest in the NH2−CNT nanocomposites for which it is ap-
roximately twice the pure epoxy value when the CNTs were
ispersed in ethanol prior to mixing with the epoxy.

ig. 26 Experimentally determined fracture toughness values
f DWCNT epoxy composites „from Ref. †8‡…
Ganguli et al. �238� performed single edge notch three-point
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bending tests on MWCNT/epoxy specimens prepared using an
asymmetric high speed mixer to disperse the nanotubes. Samples
of the neat polymer as well as the composite containing 1 wt %
MWCNT were prepared. The results showed that the addition of
the nanotubes resulted in a 300% increase in the stress intensity
factor over the pristine sample. Seyhan et al. �239� dispersed both
functionalized and nonfunctionalized DWCNTs and MWCNTs in
a modified vinyl-ester/polyester hybrid matrix using a calender
approach. The functionalized CNTs were found to provide the
most significant increase in fracture toughness. Specifically, the
functionalized MWCNTs exhibited a 40% increase in fracture
toughness at 0.3 wt % nanotube content when compared with the
neat polymer. Functionalized DWCNTs exhibited a fracture
toughness increase of more than 20% at 0.3 wt % nanotube con-
tent. In addition, they found that the calendering dispersion pro-
cess was more effective at homogeneously dispersing MWCNTs
than DWCNTs. Yu et al. �240� studied the fracture toughness of
MWCNTs/epoxy composites with nanotube contents between 0
wt % and 3 wt % using a sonication dispersion method and a
degassing agent to prevent the formation of voids. A maximum
increase in fracture toughness of 62–66% at 3 wt % filler content
was found over the neat polymer. In comparison, the samples
without the degassing agent only exhibited an increase of 29–40
at 3 wt % nanotube content. The variation in fracture toughness
for samples with the same nanotube content was attributed to the
duration of the sonication and stirring treatments, with higher dis-
persion times giving higher toughness values. The experimental
results have indicated that significant increases in the fracture
toughness of CNT-based composites can be achieved at very low
CNT contents. However, as with most of the other mechanical
properties, there exists a critical CNT concentration above which
the fracture toughness begins to degrade, which can be attributed
to the inability of present dispersion techniques to ensure de-
agglomeration of CNTs at large concentrations.

The incorporation of CNTs into polymeric matrices as a means
of improving the fracture toughness requires a comprehensive un-
derstanding of the toughening mechanisms associated with this
class of materials. The microtoughening mechanisms in ductile
and brittle solids have been extensively explored �241–243�; how-

Fig. 27 Measured fracture toughness values for a variety of
commonly used nanofillers „from Ref. †237‡…
ever, the dominant mechanisms in nanocomposites require further
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nvestigation. Several toughening mechanisms identified in mi-
rofiber composites, such as crack bridging and fiber pull-out,
ber deformation and fracture, and crack pinning, have also been

dentified on the nanoscale. Also, new nanoscale specific mecha-
isms have been identified, such as fracture ridge creation �238�.

Crack bridging is a toughening mechanism whereby a CNT
aught in the path of a propagating crack assists in keeping the
rack closed due to the interfacial bonding between the CNT and
he polymer matrix. The crack can only overcome this bridge by
eforming the CNT or by shearing the interface to continue propa-
ating, leading to a dissipation of energy. If the length of the CNT
s below its critical length, the crack will continue to propagate by
hearing the CNT/polymer interface and the subsequent pull-out
f the nanotubes from within the matrix. A related form of nano-
ube pull-out is sword-in-sheath pull-out, which occurs with

WCNTs when the outer layer of the CNT fractures, and the
nner layers pull out from within the outer sheath. When a CNT
as a length that exceeds its critical length, the bonding at the
NT/polymer interface is sufficient to withstand the shear forces
nd the crack continues to propagate by means of deformation and
racture of the nanotubes. Crack pinning is a process where the
ropagating tip of a crack meets a fiber, and is forced to move
round the fiber in order to continue propagating. This causes the
rack length to increase significantly as it weaves around fibers.
he above toughening mechanisms are schematically depicted in
ig. 28.
CNT pull-out has been identified as one of the main toughening
echanisms associated with this class of materials. Furthermore,
ber-pull-out tests have been well recognized as the standard
ethod for evaluating the interfacial bonding properties of com-

osite materials. The output of these tests is the force required to
e-bond the fibers from the surrounding polymer matrix and the
hear stresses involved. In the case of CNT-reinforced polymers,
xperimental tests have been conducted but are limited due to the
anoscale involved. Figure 29 depicts the typical pull-out profile
or a nanotube embedded in a polymer. Previous authors have
eported experimental results in which the interfacial shear
trength was found to be within the range of 35–376 MPa
244–246� based on CNT pull-out using a scanning probe micro-
cope. However, shear strengths as high as 500 MPa have also
een reported by Wagner et al. �247� based on fragmentation tests
n urethane-CNT composites. Barber et al. �182� also conducted
ull-out measurements on an individual SWCNT embedded in a
olymer matrix using AFM. They found that the stress required to

Fig. 28 Commonly observed CNT pol
eparate the nanotube from the surrounding matrix was remark-
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ably high, indicting that the polymer matrix immediately sur-
rounding the nanotube is capable of withstanding stresses that
would otherwise cause considerable yielding in a bulk polymer
specimen.

Some work has been done to experimentally identify nanoscale
toughening mechanisms. Watts and Hsu �248� identified both
CNT bridging and CNT fiber pull-out in experiments involving
arc-generated MWCNTs in a 2-Methacryloyloxyethyl
phosphorylcholine-2-�diethylamino�ethyl methacrylate �MPC-
DEA� diblock polymer. Fiedler et al. �126� obtained evidence of
DWCNT and MWCNT bridging cracks in a low viscosity resin
system using TEM and SEM micrographs. Figures 30 and 31 are
reproductions of those micrographs. One can see a hollow channel
in the matrix of Fig. 30, providing evidence of the nanotube pull-
out mechanism. Other evidence of these toughening mechanisms
can be found in Prashantha et al. �229�, Zhang et al. �249�, and
Thostenson and Chou �250�.

Several models have been developed to assist in the under-
standing of the mechanisms that lead to improved fracture tough-
ness in CNT-reinforced polymers. Most models attempt to quan-
tify the effects of one particular toughening mechanism using
either analytical or numerical methods. The authors of this review
are not aware of other works that attempt to model the combined
effects of more than one toughening mechanism on the resulting
fracture toughness of nanoreinforced composites. In fact, much
still needs to be learned about the prevalent mechanisms in this
class of materials. However, the models that have been developed
thus far have contributed to a better understanding of the corre-

r composite toughening mechanisms

Fig. 29 Typical plot of a pull-out test on a nanotube embedded

in a polymer „from Ref. †12‡…
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ponding mechanisms.
Wichmann et al. �251� developed a simple analytic model of the

NT pull-out toughening mechanism. The problem was ap-
roached by scaling the energy dissipation of a microfiber to that
f several CNTs, relying on volume equivalence to ensure com-
atibility of the parameters. The model assumed the tensile
trength of carbon fibers and CNTs to be on the order of 1–7 GPa
nd 30–50 GPa, respectively. The results show that the energy
issipated in nanotube pull-out is anywhere between 4 and 100
imes higher than the conventional microfiber pull-out mecha-
ism. This shows that nanotube pull-out can contribute signifi-
antly to the toughening of composite materials. Blanco et al.
252� developed an analytic model to examine the effect of nano-
ube pull-out on the interlaminar fracture toughness of a double
antilever beam specimen. Two types of nanotube pull-out mecha-
isms were considered: traditional pull-out and sword-in-sheath
ull-out. The results showed that both the aspect ratio and the
trength of the CNTs are key parameters to fracture toughness
mprovement. Their predictions were compared with experimental
esults, and it was found that the experimental values fell between
he isolated traditional pull-out and sword-in-sheath predictions.
his was attributed to the experimental results being a combina-

ion of both mechanisms as well the presence of other toughening
echanisms that were not considered in the model and the poten-

ial agglomeration of CNTs. Seshadri and Saigal �253� developed
n analytical model for CNT crack bridging of viscoelastic poly-

ig. 30 TEM micrograph of a MWCNT bridging a matrix crack
from Ref. †126‡…

ig. 31 SEM micrograph of a crack bridged by DWCNTs „from

ef. †126‡…
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mers in an attempt to identify the parameters associated with the
improvements in fracture toughness. They derived expressions for
elastic and viscoelastic polymer pull-out stiffness as well as frac-
ture energy augmented by a single nanotube bridge. They con-
cluded that augmented fracture energy is dependent on several
parameters, including crack opening rate, interface stiffness, nano-
tube density, and viscoelastic relaxation of the polymer. Lachman
and Wagner �237� used a classical pull-out energy dissipation ex-
pression to explain the toughness improvements that are seen in
CNT/epoxy composites. They argued that as a result of the high
strength of CNTs, the critical length necessary to induce fracture
of the nanotubes is often much larger than their typical lengths.
This results in pull-out being the dominant toughening mecha-
nism, which differs from traditional microfibers, where fiber frac-
ture is the primary form of energy dissipation. Zhang et al. �249�
used an analytic model to predict the crack propagation rate of
SWCNTs and MWCNTs in an epoxy resin as a function of stress
intensity factor. They considered fiber pull-out as the primary
toughening mechanism and assumed that a constant force is re-
quired throughout the pull-out process. They also developed an
expression for the crack bridging length. From this, the work re-
quired to pull out a nanotube was calculated and incorporated into
a new stress intensity factor, which also incorporates the number,
density, and orientation of the nanotubes. They used experimental
data to calibrate and validate their model, where good correlation
was found. The model predicted that the crack propagation rate
decreases as the weight percentage of CNTs is increased. The
model also shows that as stress intensity increases, the suppres-
sion of the crack growth rate for the nanotube composites de-
grades when compared with the neat epoxies.

3.5 Tailoring of Electrical Properties. Polymeric materials
are typically considered to be electrical insulators due to their
extremely low electrical conductivities �10−10–10−15 S /m�. How-
ever, dispersing nanotubes into these matrices can result in dras-
tically improved conductivities. The higher conductivities that are
available in these nanocomposites are being explored for a variety
of applications, including housings for cell phones and computers,
lightening strike protection for aircraft, chemical sensors, and
transparent conductive coatings. For example, electromagnetic in-
terference shielding is essential in many portable electronic de-
vices �e.g., laptop computers, cell phones, and pagers� to prevent
interference with and from other electronic devices. Since there is
presently no suitable polymeric material, which can meet these
requirements, electrically conductive additives are generally used
in the electronic equipment cases made of a polymer-based mate-
rial. However, such materials are frequently associated with sig-
nificant increases in the weight and cost as well as with reduced
surface quality and mechanical integrity. Therefore, electrically
conductive composites dispersed with CNTs are now being ex-
plored as alternatives to the existing choices �254,255�. Indeed,
the first major commercial application of CNTs is related to their
electrical conductivity in polymer composites �256�. A basic un-
derstanding of the fundamental mechanisms associated with im-
proved electrical conductivities in nanocomposites is crucial to the
realization of devices for these applications.

3.5.1 Electrical Percolation. In a composite consisting of con-
ductive fillers dispersed in an insulating matrix, there exists a well
defined insulator-conductor transition when a continuous conduc-
tive network or path throughout the matrix is formed. At low filler
concentrations, the conductive particles are separated from each
other and the electrical properties of the composite are dominated
by the insulating matrix. As the concentration of conductive fillers
is increased, they come into contact with each other to form a
conductive three-dimensional network. This process can be well
described by the percolation theory. The term percolation refers to
this onset of a continuous network �or cluster� at which long-range
connectivity and conductivity are suddenly developed �257�, and

the concentration of fillers at which this transition occurs is re-
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erred to as the percolation threshold. Figure 32 illustrates the
ormation of a percolating network and the sudden rise in electri-
al conductivity. Some efforts have been devoted to modeling
ercolation phenomena in a wide class of materials. Different ex-
ressions have been adopted with the power law being represen-
ative of the threshold for conductivity in polymer composites.
he power law is given as

� � �� − �c�	��t�	� �3�

here � is the electrical conductivity of the composite, � is the
oncentration of conductive fillers �in vol % or wt %�, �c is the
ercolation threshold, and t is the conductivity exponent. The con-
uctivity exponent was found to be uniform for systems with the
ame dimensionality. For three-dimensional systems, t varies be-
ween 1.6 and 2 �258�. The percolation threshold and conductivity
xponent are both functions of the aspect ratios of the fillers, 	.

Current experiments and theoretical studies show that CNT-
einforced composites exhibit a percolation threshold in the vicin-
ty of 0.1 wt % at which the electrical conductivity rises sharply
y several orders of magnitude �259–261�. However, there exists
onsiderable variability in the percolation threshold among differ-
nt nanotube/polymer composite systems, and electrical percola-
ion thresholds as low as 0.0021 wt % �262,263� and as high as 15
t % �264� have been reported. This observed variation stems

rom the fact that the percolation threshold in nanocomposites is
eavily dependent on several important chemical, physical, and
eometrical parameters such as the type of CNT, synthesis
ethod, surface treatment, dimensionality, polymer type, and dis-

ersion method. Recently, a review of experimental investigations
nto the percolation threshold of nanocomposites was published
y Bauhofer and Kovacs �265�. In their review, nearly 200 nano-
ube polymer experimental systems are summarized, and some of
he above general dependencies of the percolation threshold are
xtracted. It should be noted that the above factors are not always
ndependent, and it is often difficult to separate their effects on the
ercolation threshold and the corresponding conductivities.

Perhaps one of the most significant factors that influence the
esulting percolation threshold in nanocomposites is the spatial
istribution or dispersion of the nanofillers. A conductive network
r path is more easily achieved when there are a number of con-
uctive particles available throughout the matrix. The strong van
er Waals interactions between nanotubes coupled with their large
spect ratio causes them to bundle together and form agglomer-
tes. As the CNTs bundle together into larger and larger agglom-
rates, the number of discrete conductive points in the composite

ig. 32 Electrical conductivity of CNT-reinforced composites
s a function of concentration and a schematic of the percolat-

ng network
s reduced. This limits the potential for the CNTs to create a con-
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ductive network or path through the insulating matrix, thereby
increasing the percolation threshold. Conversely, a very uniform
dispersion can result in the sheathing of the nanotubes by the
polymer causing an increased resistance to electron tunneling, re-
sulting again in increased percolation thresholds. Therefore, a uni-
form spatial distribution of the nanotubes might not provide the
optimal conditions from an electrical performance standpoint.

High aspect ratio nanotubes are generally more difficult to dis-
perse due to their stronger tendency to entangle and form agglom-
erates. Therefore, it is difficult to separate the effects of spatial
distribution and aspect ratio in experimental investigations. How-
ever, it has been experimentally determined that the percolation
threshold decreases with increasing nanotube aspect ratio �266�,
and these findings have been confirmed by theoretical investiga-
tions �267,268�. For a uniform spatial distribution of filler par-
ticles, the excluded volume concept can be used to show that the
percolation threshold is inversely proportional to the filler’s aspect
ratio �269�. Likewise, Lu and Mai �257� used percolation theory to
investigate the effect of nanotube aspect ratio on the percolation
threshold. Their results showed that the percolation threshold was
indeed inversely proportional to the aspect ratio of the nanotubes.
Li et al. �261� developed an analytical model based on the average
improved interparticle distance approach to investigate the effects
of nanotube dispersion state and aspect ratio on the resulting per-
colation threshold. In their model, they incorporated two descrip-
tive dispersion parameters to quantify the effects of CNT agglom-
eration: 
, a measure of the localized volume content of the CNTs
in an agglomerate, and �, a measure of the volume fraction of
agglomerated CNTs. A higher value of 
 corresponded to a case of
more tightly entangled CNTs in an agglomerate, whereas a higher
value of � implied that the percentage of CNTs in the form of
agglomerates was higher. Their results show that both dispersion
parameters have a significant effect on the percolation threshold.
Specifically, the percolation threshold was found to vary between
three and four orders of magnitude over the chosen range of both
parameters. The authors concluded that in order to obtain an ul-
tralow percolation threshold on the order of 10−3 vol %, both a
very high aspect ratio and sufficient disentanglement of CNTs �as
measured by 
 and �� are required. In addition, the authors also
observed that when the aspect ratio was reduced to 20, the perco-
lation threshold jumped to 1–10 vol % regardless of the dispersion
states of the CNTs. Hu et al. �270� also investigated the effect of
CNT aggregation on the percolation threshold using Monte Carlo
simulations coupled with the three-dimensional statistical perco-
lation theory and resistor network modeling. They introduced a
single measure of the nonuniform spatial distribution of CNTs in
their model, which was defined as the ratio of the agglomerate
volume to that of the computational cell considered. They found
that for cases involving very high concentrations of aggregates,
the percolation threshold increased dramatically. However, the ag-
gregates did not have a significant effect at low CNT
concentrations.

The homogeneity of a CNT dispersion is difficult to quantify.
Presently, the only techniques available to assess the uniformity of
dispersion is through electron microscopy techniques, such as
TEM. For this reason, coupled with the fact that there exists sig-
nificant variability among reported test systems �polymer type,
CNT type, treatment, etc.�, it is difficult to assess the relative
merits of individual mechanical dispersion techniques on the ex-
perimentally measured electrical percolation thresholds. However,
sonicated, mechanically stirred, and calendered approaches have
all been used in these measurements and tend to show comparable
thresholds when the results are restricted to only those of epoxy
matrices dispersed with MWCNTs. For example, Kovacs et al.
�259� dispersed MWCNTs, grown by catalytic chemical vapor
deposition, into an epoxy matrix. The dispersion process consisted
of mechanically stirring the MWCNTs in the epoxy using a dis-
solver disk apparatus. They observed a percolation threshold of

0.08 wt % for the case where the samples were stirred for 15 min
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t 2000 rpm. In comparison, Li et al. �261� dispersed MWCNTs in
n epoxy matrix via ultrasonication for 1 h in an acetone mixture.
hey observed a comparable percolation threshold of 0.1 wt %.
inally, Gojny et al. �9� used a calender to disperse a variety of
ifferent CVD grown CNTs in an epoxy matrix. For all cases, the
bserved percolation threshold for unfunctionalized CNTs was be-
ow 0.1 wt %. In a recent experimental study by Kovacs et al.
271�, different processing conditions were examined to study
heir effects on the percolation threshold, and their results are
resented in Fig. 33. Again, CVD grown MWCNTs were dis-
ersed in an epoxy matrix. Four different processing conditions
ere examined. All samples were initially mechanically stirred
sing a dissolver disk for 2 h at 2000 rpm. Two samples were then
rocessed using a calender. One sample of the mechanically
tirred and calendered batches was then manually stirred again for
min at 60 rpm �identified as slow stirred in Fig. 33�. In all cases,

he noncalendered samples had lower percolation thresholds and
hose which were additionally stirred for 5 min at 60 rpm pro-
uced the lowest percolation thresholds at 0.01 wt %. The calen-
ered samples were believed to separate the nanotubes and sheath
hem with an insulating polymer layer more effectively than the
issolver disk. It was believed that this polymer layer would be
oo thick to allow the tunneling of electrons from neighboring
anotubes. Therefore, the calendering dispersion technique seems
o be a suitable method for improving the mechanical properties
f polymeric composites. However, this process seems to be det-
imental to achieving low percolation thresholds. In conclusion,
he best dispersion quality is not favorable for electrical conduc-
ivity applications.

In a similar context, chemical functionalization can also signifi-
antly affect the dispersability of the nanotubes, and in this way it
s often difficult to determine its effect on the resulting electrical
roperties of the nanocomposite. It should be noted that while the
unctionalizing of CNTs can increase the mechanical properties of
he nanocomposite by forming stronger bonds between the matrix
nd the nanotube, it can actually have reverse effects on the elec-
rical properties of the composite. It has been shown that chemical
unctionalization introduces defects into the CNT structure, which
end to scatter electrons and generally cause a reduction in their
ntrinsic electrical conductivity �99–101�. This reverse effect can
lso be attributed to the dependence of the percolation threshold
n the aspect ratio of the nanofillers. Chemical functionalization
ends to reduce the overall aspect ratio of the nanotubes, which is
ot desirable when aiming to reduce the percolation threshold.

ig. 33 Effect of processing method on the percolation
hreshold of MWCNT/epoxy composites „from Ref. †271‡…
urthermore, the reaction of the epoxy resin with the nanotubes’
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surface groups forms an electrically insulating epoxy layer, which
increases the distance between individual tubes, thus making the
tunneling of electrons from tube to tube harder. Gojny et al. �9�
examined the effect of chemical functionalization on the percola-
tion threshold of a variety of different CNTs dispersed in an epoxy
matrix. The lowest percolation thresholds were observed for non-
functionalized CNTs, being in all cases below 0.1 wt %, whereas
the amino-functionalized CNTs showed a percolation threshold in
the range of 0.1–0.5 wt %. A similar degradation of the percola-
tion threshold was observed by Bose et al. �272� in their experi-
mental investigations, which employed amino-functionalized
MWCNTs dispersed in a PA6/acrylonitrile-butadiene-styrene
blend. However, a number of researchers have also observed in-
creases in the electrical conductivity in nanocomposites dispersed
with chemically functionalized CNTs and a corresponding de-
crease in the percolation threshold. For example, Valentini et al.
�273� explained that the overall conductivity is governed by the
interplay of contributions from extrinsic migrating charges �ionic
impurities� and intrinsic migrating charges �donor-acceptor inter-
actions�. For the case of amine-functionalized SWCNTs dispersed
in an epoxy matrix, they concluded that the SWCNTs act as elec-
tron acceptors and the amine groups as electron donors, thus con-
tributing to the intrinsic charge of the system and thus increase the
overall conductivity. Tamburri et al. �274� prepared a series of
composite films using untreated nanotubes as well as nanotubes
treated with KOH, HNO3, and HNO3 /H2SO4 solutions. With the
use of these reactants, the current at a given voltage was increased
by factors of 5 and 7.5. An improved dispersability of the treated
SWCNTs was cited as the main contributing factor to the en-
hanced current in the conducting composite. Conversely, when the
chemical processing was less efficient in producing –OH and
–COOH groups, it is verified that the current increased only by a
factor of about 2.5 relative to that of untreated nanotubes. There-
fore, it seems as though the disadvantage associates with chemical
functionalization can be outweighed by the improved dispersabil-
ity resulting from the process. Similarly, noncovalent functional-
ization has also been shown to increase the electrical conductivity
and to decrease the percolation threshold �275,276�.

Nanotube alignment is also an interesting parameter that can
influence the resulting percolation threshold in nanocomposites. It
is known that for a conductive network to be formed in the matrix,
the nanotubes must come into very close proximity of each other.
If the nanotubes dispersed in the matrix were all aligned in a
parallel direction, it would be very difficult to meet the above
requirement unless the nanotubes were joined end-to-end, which
is simply impossible to ensure. On the other hand, a completely
random orientation of the nanotubes would reduce the percolation
threshold but not entirely as a number of the nanotubes would
lead to dead-end effects rather than contributing to the network.
Therefore, it is normally preferred to have a small degree of mis-
alignment among nanotubes in the matrix to ensure that they do in
fact cross paths and ensure contact. The effect of nanotube orien-
tation has been investigated experimentally by Du et al. �277�.
SWCNTs were aligned by melt fiber spinning. Various levels of
alignment were achieved by controlling the extensional flow in
the spinning process �extrusional flow and wind-up speed�. The
results of the experiment confirm that a small degree of misalign-
ment is in fact desirable when attempting to reduce the percolation
threshold. The same conclusion was reached by Behnam et al.
�278� in their theoretical investigation of the effects of CNT align-
ment on percolation resistivity using two-dimensional Monte
Carlo simulations. In contrast, White et al. �279� observed that a
minimum percolation threshold occurred for an isotropic case
when the nanotubes were randomly orientated as apposed to
slightly misaligned in their three-dimensional Monte Carlo simu-
lation. They did, however, observe that there was a critical nano-
tube orientation above which the percolation threshold drastically
increased with increasing nanotube alignment, and this effect

seemed to be more pronounced for cases involving low aspect
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atio nanotubes.
Carbon nanotubes embedded in composites are not straight but

ather have a certain degree of curvature or waviness that arises
rom their high aspect ratio, low bending stiffness, and processing
nduced effects. The effect of nanotube waviness of the percola-
ion threshold of nanocomposites has been investigated by a num-
er of researchers �260,280–284�. They all found that the perco-
ation threshold increases with increasing degree of CNT
aviness. However, the increase in the percolation threshold does
ot seem to be significant among these results, which leads us to
elieve that the effect of waviness is not extensive. For example,
almas et al. �280� studied the effect of nanotube waviness and

spect ratio on the percolation threshold by modeling a three-
imensional structure, made up of high aspect ratio nonstraight
onductive fibers. The nanotubes were generated using a discreti-
ation procedure, which defined each nanotube by a set of nodes.

classic cubic Hermite spline was then used to define the curve
etween two consecutive nodes. They used the tortuosity of the
anotube as a measure of its waviness or curvature. They ob-
erved a 44–192% increase in the percolation threshold when the
anotube tortuosity was varied between 0 deg and 180 deg for
ases involving aspect ratios of 90 and 240, respectively. They
lso concluded that with increasing nanotube aspect ratio, the tor-
uosity has a more significant effect on the percolation threshold.
n comparison, Li and Chou �282� used Monte Carlo simulations
o study the combined effects of nanotube waviness and aspect
atio. In their study, the nanotubes were modeled as segmented
olygons with arbitrary orientation angles separating the neigh-
oring segments. They concluded that the percolation threshold
ecreases with increasing nanotube waviness; however, they
ound that the effect of waviness tends to decrease with increasing
spect ratio, which is contradictory to the results of Dalmas et al.
280�. Their model was further extended by Li et al. �285� to
nvestigate the effect of nanotube waviness on the resulting elec-
rical conductivity of CNT polymer composites where it was ob-
erved that the conductivity decreased with increasing waviness.
i et al. �283� employed a very similar technique to that of Li and
hou to model CNTs of varied curvature in their Monte Carlo

imulations and also observed an increase in the percolation
hreshold with increasing curvature; however, no observation was

ade regarding the combined effects of curvature and aspect ra-
io.

3.5.2 Electrical Conductivity. Much like the percolation
hreshold of nanocomposites, the associated electrical conductiv-
ty is highly dependent on a number of chemical, physical, and
eometrical parameters. For example, the intrinisic conductivity
f the nanofiller plays an important role. Obviously, nanofillers
ith higher conductivities give rise to composites with higher

onductivities. The size, shape, and dispersion of the nanofillers
lso have profound effects on the composite electrical conductiv-
ty. Furthermore, the parameters that tend to improve the percola-
ion threshold of the nanocomposite may have adverse effects on
he electrical conductivity, thus forcing a delicate balance between
he resulting properties. Most of the measured electrical conduc-
ivities of nanocomposites range from 10−5 S /m to 10−2 S /m for
anotube concentrations exceeding the percolation threshold.
owever, electrical conductivities as high as 103 S /m have been

eported for PMMA containing 10 wt % SOCL2 treated SWCNT
286�. This considerable variability clearly demonstrates the
trong dependency and interplay of a number of factors.

Nanotube waviness, alignment, and aspect ratio seem to have
he same effect on the electrical conductivity as on the percolation
hreshold. For example, nanotube waviness has been shown to
ecrease the electrical conductivity and to increase the percolation
hreshold, resulting in a negative effect of both properties
282,285�. In addition, slightly aligned nanotubes seem to result in
he highest conductivities and lowest percolation thresholds when
ompared with fully aligned and random orientations �277,278�.

his can be attributed to the reason that fully aligned orientations

50801-26 / Vol. 63, SEPTEMBER 2010
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result in minimal contact points between CNTs, and completely
random orientations lead to significant dead-end effects. In addi-
tion, an increase in nanotube aspect ratio has been shown to in-
crease the conductivity and to decrease the percolation threshold
�266–268�.

There are three sources of electrical resistance in a percolating
CNT network. These are the intrinsic resistance of the nanotubes,
the contact resistance between nanotubes, and the tunneling resis-
tance between interacting nanotubes. The tunneling resistance
arises from electrons having to travel through a polymer layer
separating neighboring CNTs, and the contact resistance refers to
the transfer of electrons from nanotubes, which are in direct con-
tact with each other. Whereas the intrinsic resistance is generally
only affected by the CNT type, the tunneling resistance is affected
by the gap size, polymer type, and nanotube diameter, to name a
few. Existing studies show that the electrical resistance in
nanotube-based composites is dominated by the tunneling resis-
tance and contact resistance �284,287–290� at nanotube junctions,
and it is therefore expected that the number of contact and tunnel-
ing points plays a considerable role in the resulting electrical con-
ductivity of CNT polymer composites. As more contact and tun-
neling points are introduced, the electrical conductivity is
expected to decrease due to the increased electrical resistance aris-
ing from these points. Therefore, it becomes apparent why wavy
nanotubes result in a decrease in electrical conductivity and an
increase in the percolation threshold. Neighboring wavy nano-
tubes tend to have a higher chance of contacting one another with
more than one contact point, whereas straight nanotubes can only
have one contact point.

As homogeneous dispersions usually imply a uniform wetting
of the CNTs by the polymer, i.e., the formation of a polymer layer
around each CNT, it is anticipated that the best dispersions do not
necessarily lead to the highest electrical conductivities. When ex-
amining nanocomposite systems containing different polymeric
matrices, the variation in the electrical conductivities seems to be
significant. This can be attributed to the extreme distance depen-
dence associated with the electron tunneling resistance through
polymer barriers between neighboring CNTs. Some polymer types
and dispersion methods seem to favor the formation of polymer
layers of different thicknesses on the CNTs. The electrical resis-
tivity associated with polymer barriers has been investigated theo-
retically by Li et al. �290�. They found that the upper limit for the
distance between nanotubes separated by a polymer layer is ap-
proximately 1.8 nm for electrical tunneling to occur. Within this
range, the tunneling resistance can vary as much as 102 k� and
1016 k�. In comparison, Sun and Song �284� used a continuum
model to investigate the effect of CNT contact resistance, polymer
barrier tunneling resistance, and CNT tortousity on the effective
electrical conductivity of CNT polymer composites with a variety
of host polymer matrices. The model employed a generalized ex-
pression of tunneling conduction for a nonconjugated polymer
�291�. Using this expression, they were able to derive the effective
tunneling distance for three different polymer systems. For poly-
ethylene, polyimide, and poly�vinyl alcohol� matrices, the effec-
tive tunneling distance was calculated to be 2.00 nm, 2.50 nm, and
2.27 nm, respectively. These values are comparable to the result of
Li et al. �290�. The contact resistance between CNTs has also been
investigated. The experimental measurements of Fuhrer et al.
�292� indicated that the contact resistance is in the range of
100–400 k� for metal/metal and semiconducting/
semiconducting nanotube junctions. However, the contact resis-
tance for metal/semiconducting junctions was approximately two
orders of magnitude higher. Buldum and Lu �293� used theoretical
calculations to investigate the contact resistance between
SWCNTs. They found that the contact resistance can range from
100 k� to 3.4 M� depending on the atomic structure of the
nanotubes, their diameter, the contact length, and the structural
relaxation of the nanotubes.
3.6 Tailoring of Thermal Properties. Due to the extraordi-
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ary intrinsic thermal conductivity of CNTs ��6600 W /m K�,
here has been much early speculation that they can significantly
mprove the thermal conductivity of polymers, as they do with the
lectrical conductivity. Such nanocomposites with good thermal
onductivity would have potential applications in printed circuit
oards, thermal interface materials, heat sinks �294,295�, high ef-
ciency thermoelectric devices �296�, and other high-performance

hermal management systems. Although electrical and thermal
ransport processes are described by the same continuity equation,
here have been reports of nanocomposites showing a critical per-
olation behavior for electrical conductivity while sometimes
howing no signature of percolation for their thermal characteris-
ics �10�. In most cases, the thermal conductivity does not show
he characteristic jump at a critical CNT concentration; rather, it
ncreases nearly linearly with increasing CNT loading �9,297�.
igure 34 depicts the variation in thermal and electrical conduc-

ivities as a function of nanotube loading for a MWCNT/PS com-
osite. As can been seen, the thermal conductivity increases lin-
arly, whereas the electrical conductivity shows the characteristic
ump of a percolating network. In other instances, the thermal
ercolation threshold was found to be as high as 7 wt % for
WCNT/PMMA composites �298�. Furthermore, current experi-
ental measurements have only observed modest increases in the

hermal conductivity on the order of a factor of 3 or less at 1 wt %
NT loading �298–301�. It has also been observed that theoretical
redictions based on the percolation theory and the effective me-
ium theory that assume a negligible interfacial thermal resistance
an yield results that are upward of 30 times larger than experi-
entally observed �302�, and those based on micromechanics
odels yield results more than a factor of 10 larger �303,304�.
There is a strikingly different behavior of electrical and thermal

ransport processes with respect to the development of the perco-
ating network in CNT polymer composites. However, electrical

easurements show that the CNTs do in fact form topologically
ercolating networks, and the macroscopic descriptions of the
lectric and thermal current flows are described by the same con-
inuity equation. Specifically, for steady state heat flow, the tem-
erature, T, satisfies Laplace’s equation,

T = 0 �4�

ith the requirement that at the filler-matrix interface the heat

Fig. 34 Variation in „a… thermal conductivity and „b…
function of nanotube loading „from Ref. †297‡…
ux, JQ, normal to the interface is continuous,

pplied Mechanics Reviews
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− JQ = km

�Tm

�n
= kf

�Tf

�n
�5�

where n represents a coordinate normal to the interface, and km
and kf are thermal conductivities of the matrix and the filler, re-
spectively. Equations describing the steady state flow of the elec-
tric current can be obtained by replacing the temperature by the
voltage and the thermal conductivities by the electrical conduc-
tivities in Eqs. �4� and �5�.

To explain the discrepancies, one must examine two fundamen-
tal characteristics. These are the interfacial thermal resistance
�also known as Kapitza resistance� and the differences in the in-
trinsic conductivities of the nanotubes and polymers �305,306�.
For most semiconductor and dielectric materials, phonons �quan-
tized lattice vibrations� are the main energy carriers for heat con-
duction �307,308�. The phonon conduction of thermal energy in
these materials is dominated by scattering effects such as interfa-
cial boundary and defect effects. Whereas electrons travel along
the nanotubes and can tunnel through polymer barriers, thermally
activated phonons must be coupled to the polymer by a strong
interface of intermediate thermal impedance. Due to the nanoscale
involved and the relatively large interfacial area associated with
CNTs, the interface plays a decisive role in the resulting thermal
conductivity of the nanocomposite. This large interface area leads
to strong phonon scattering effects and thus reduces the conduc-
tion of phonons in nanocomposites. This is supported by a recent
molecular dynamics study by Shenogin et al. �309� in which they
showed that there is a weak coupling between the phonon spectra
of the CNTs and the polymer matrix. Since phonons dominate
heat transport in CNTs, this weak coupling leads to a backscatter-
ing of phonons at the interface, causing a temperature drop and an
associated boundary resistance �310�. Therefore, it is critical that
the interfacial thermal resistance be accounted for in any model
used to evaluate the effective thermal conductivity of the nano-
composite. For example, Fig. 35 shows the variation in the effec-
tive thermal conductivity of a CNT polymer composite as a func-
tion of the interfacial thermal resistance, as predicted from the
study by Xue in Ref. �311�. As can be seen, the interfacial resis-
tance has a significant effect on the resulting conductivity of the
composite. Furthermore, some researchers are able to explain the
differences in electrical and thermal percolation phenomenon by
reference to the differential contrast ratio in conductivities be-
tween the nanophase and the associated matrix �305,306�. The

ctrical conductivity of a MWCNT/PS composite as a
ele
differential contrast ratio ��CNT /�m� in thermal conductivities be-
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ween typical polymers and nanotubes are approximately 104 for
he case of the highest reported nanotube thermal conductivity.
his contrast ratio is much lower than that of the electrical con-
uctivity, which is on the order of 1014–1019. Clearly, a larger
umber of phonons would prefer to travel through the matrix
hen compared with electrons due to this relatively low contrast

atio, which helps explain the formation of electrically percolating
NT networks but the apparent lack thereof for thermal networks.
bviously, parameters that significantly affect the electrical con-
uctivity such as CNT alignment, aspect ratio, spatial distribution,
nd waviness also tend to play a role in the resulting thermal
onductivity; however, the effects are found to be less pro-
ounced. In general, an increase in the CNT aspect ratio �312�, a
ore uniform spatial distribution, a higher degree of CNT

traightness �313�, and a higher degree of alignment �314� will
esult in enhanced thermal conductivity of the nanocomposite.

Huxtable et al. �302� investigated the interfacial thermal con-
uctance of CNTs suspended in surfactant micelles in water ex-
erimentally using picosecond transient absorption. They con-
luded that the heat transport in nanotube composite materials will
ndeed be limited due to the extremely small measured interfacial
hermal conductance of 12 MW m−2 K−1. They also used molecu-
ar dynamics simulations to model heat flow from a SWCNT to a
urrounding octane liquid. They estimated the interfacial thermal
onductance to be approximately double that of the experimental
easurement, namely, 25 MW m−2 K−1. They associate the dis-

repancy to the lack of quantization of high frequency modes in
heir simulations, thus leading to the heat capacity of the simu-
ated nanotubes being roughly 3.5 times as large as the experimen-
ally observed heat capacity of nanotubes. In comparison, Bryning

ig. 35 Effect of the interfacial thermal resistance on the ef-
ective thermal conductivity of a CNT composite where Ke is
he effective thermal conductivity and Km is the thermal con-
uctivity of the matrix phase „from Ref. †311‡…

Fig. 36 The nanotube junction thermal resistance problem

the variation in the junction resistance as a function of separa
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et al. �300� reported thermal conductivity measurements of puri-
fied SWCNT-epoxy composites. At a 0.5% volume fraction of
SWCNTs, the thermal conductivity was enhanced by 27% over
the pure epoxy. The average interfacial thermal resistance as esti-
mated by the effective medium theory was determined to be 2.6
�10−8 m2 K W−1. Additionally, Clancy and Gates �315� used
molecular dynamics to predict the interfacial resistance of
SWCNTs in a bulk poly�ethylene vinyl acetate� matrix, which
they found to be 9.8�10−8 m2 K W−1. Some preliminary mo-
lecular dynamics simulations have also been used to evaluate the
interfacial thermal resistance associated with nanotube-nanotube
junctions. The difference here is that the phonons are transferred
from one nanotube to the next without the intermediate step of
phonon transfer to the polymer. Maruyama et al. �316� showed
that the thermal boundary conductance between the SWCNTs in a
bundle is approximately 4 MW m−2 K−1. Zhong and Lukes �317�
used both molecular dynamics finite difference methods to inves-
tigate the thermal contact resistance between two parallel
SWCNTs as a function of nanotube spacing, overlap distance, and
length. A four order of magnitude reduction in interfacial thermal
resistance was found as the nanotubes were brought into intimate
contact. Figure 36 shows a schematic of the overlap problem in
both molecular dynamics and finite difference domains together
with the dependence of the junction resistance on the nanotube
separation distance. The thermal contact resistance rose sharply
with spacings above 0.8 nm. A reduction was also observed for
longer nanotubes and for nanotubes with increased overlap areas.
For the case of a 2.5 nm overlap distance, the thermal boundary
resistance was determined to be on the same order of magnitude
as that of Maruyama et al. �316�. Just recently, the first experi-
mental measurements of the thermal contact resistance between
individual MWCNTs were performed by Yang et al. �318�. The
measurements were performed with a suspended microdevice,
which consisted of two adjacent suspended SiNx membranes with
integrated platinum heaters/thermometers, which serve as a heat
source and sink for thermophysical property measurements. Two
nanotube contacts were investigated: cross contact and aligned
contact. The results showed that the contact thermal conductance
increased by nearly two orders of magnitude �from 10−8 W /K to
10−6 W /K� as the contact area increased from a cross contact to
an aligned contact. The larger value for the aligned contact was
attributed to a nonuniform contact. From these predictions, it can
be expected that the interfacial thermal resistance between nano-
tubes and the surrounding polymer will play a dominant role in
low wt % composites, whereas the nanotube-nanotube resistance
will play a considerable role in high wt % composites.

A number of researchers have also examined the effect of the
interfacial thermal resistance on the resulting effective thermal
conductivity of nanocomposites using a number of theoretical
techniques. A number of these investigations were based on effec-

… Schematic of MD and finite difference approaches and „b…
. „a

tion distance „from Ref. †317‡….
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ive medium approaches �EMAs� �300,319,303,320�. These mod-
ls consider the nanotubes to be straight isotropic solid circular
ylinders. An interfacial radius is then defined based on initial
stimates of the interfacial thermal resistance, which are used to
cale the conductivity of the nanotubes resulting in representative
ircular cylinders with anisotropic properties to be further em-
loyed in the micromechanics modeling. These representative fi-
ers are then considered homogeneously dispersed in the poly-
eric matrix with random orientations. Then, by varying the

spect ratio, interfacial thermal resistance, and nanotube conduc-
ivity, these models are capable of obtaining relatively good pre-
ictions of the thermal conductivity of the composite compared
ith experimental data. As an example, Nan et al. �319� first pro-
osed a model based on a Maxwell–Garnett effective medium
pproximation. However, this model did not take into account the
nterfacial thermal resistance, and thus the predictions were much
arger than the experimental results. Afterward, Nan et al. �303�

odified the approach to account for the resistance. They used
his model to study multiple nanotubes with varied diameters but
ith fixed aspect ratios of 2000 and obtained good agreement with

he experimental data of Choi et al. �321� for the 15 nm diameter
anotube system. Bagchi and Nomura �310� also proposed a
odel based on the EMA to predict the effective thermal conduc-

ivity of composites containing aligned MWCNTs. In their ap-
roach, the interfacial thermal resistance was accounted for
hrough the consideration of an imperfect contact region between
he constituents. However, their results showed that the interfacial
hermal resistance did not significantly affect the thermal conduc-
ivity of the MWCNT system. Instead, they explain that the effec-
ive conductivity is lower than expected due to the fact that the
uter layer of the MWCNT carries the bulk of the heat flowing
hrough the nanotube, while the contributions of the internal lay-
rs are negligible. In electrical conduction, it has been proven
xperimentally that the individual layers of a MWCNT have dif-
erent current carrying capacities �322�. Similarly, with regard to
he mechanical properties, the outer layer also tends to carry most
f the mechanical load due to the weak interfacial van der Waals
nteractions. However, the role of the individual layers of

WCNTs in thermal transport is still not clearly understood, and
he results of a model based on the assumption that the outer layer
s largely responsible for the heat transport should be taken with
aution. However, it is known that MWCNTs have a lower ther-
al conductivity than SWCNTs and several researchers �323,324�

peculate that this is also due to limited phonon flow in the inter-
al layers. Further research �322� is needed to analyze the contri-
ution of individual layers to heat transport in MWCNT. How-
ver, it is interesting to note that MWCNTs have been found to
ave the highest potential to improve the thermal conductivity of
olymer composites even though their intrinsic conductivities are
pproximately half that of SWCNTs. Gojny et al. �9� suggested
hat this is caused by the relatively low specific surface area and
he existence of shielded internal layers that promote the conduc-
ion of phonons and minimize the matrix coupling losses.

Bagchi and Nomura �310� also investigated the effect of CNT
ength and diameter on the resulting effective thermal conductiv-
ty of aligned polymer nanocomposites using their EMA model.
hey found that while the length produces insignificant effects,

he thermal conductivity can increase drastically with a decrease
n nanotube diameter. In contrast, Xue �311� predicted the oppo-
ite effect for the case of randomly orientated CNTs. His numeri-
al model based on the average polarization theory showed that
he effective thermal conductivity increases rapidly with increas-
ng nanotube length, whereas the thermal conductivity changes
ery little with changes in nanotube diameter. This contradiction
an be attributed to the different orientations considered in both
odels.
In an alternative approach, Duong et al. �325� used Monte Carlo

andom walk simulations to study the effect of interfacial thermal

esistance on the heat flow in different orientations of SWCNTs

pplied Mechanics Reviews
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dispersed in PMMA. Four values of the interfacial thermal resis-
tance were investigated in the range of 5.5�10−8–0.11
�10−8 m2 K W−1 for a wide range of CNT wt %. The effective
thermal conductivity was shown to be in good agreement with the
experimental data of Du et al. �298� for the randomly orientated
system. However, large deviations were observed for CNT con-
centrations above 7 wt % where the simulations underestimated
the conductivity. This was attributed to the formation of nanotube-
nanotube junctions in the experimental system, whereas the com-
putational model failed to account for this effect. Furthermore, the
model showed that with increasing interfacial thermal resistance,
the resulting effective thermal conductivity decreased dramati-
cally and then seemed to level off after some critical value.

Seidel and Lagoudas �326� used a micromechanics approach
based on the composite cylinder model to assess the impact of the
interfacial thermal resistance on the effective thermal conductiv-
ity. Their model included the presence of the hollow region of the
CNT through the development of a nanoscale RVE and the inter-
actions among the various orientations of CNTs in a random dis-
tribution through the use of the Mori–Tanaka method. The effects
of the interfacial thermal resistance were accounted for through
the incorporation of an interphase layer with a thermal conductiv-
ity based on the values observed in Ref. �302�. The effect of the
hollow region in the CNT on the effective thermal conductivity
seemed to be significant when the interfacial thermal resistance
was ignored. When the hollow region was included, the thermal
conductivity decreased by 14%, 37%, and 45% for cases involv-
ing CNT volume fractions of 0.0001, 0.001, and 0.1, respectively.
Furthermore, when the interfacial thermal resistance was in-
cluded, additional decreases of 20%, 71%, and 99% in the effec-
tive thermal conductivity for respective CNT volume fractions of
0.0001, 0.001, and 0.1 were observed. The authors also observed
a relatively good agreement between their results and those of
Bryning et al. �300� when the interphase layer was assigned an
interfacial conductance of 12.5 MW /m2 K and with those of
Guthy et al. �312� with values of 40 MW /m2 K and
90 MW /m2 K.

Given that the effective thermal conductivities of CNT polymer
composites are largely influenced by the interfacial thermal resis-
tance between the CNTs and the surrounding polymer matrix, re-
searchers are now examining different ways of reducing this in-
terfacial resistance. For example, covalent functionalization has
been shown both experimentally �14,327� and theoretically �328�
to decrease the interfacial thermal resistance and to result in an
increase in the effective thermal conductivity. As with its effect on
the electrical and mechanical properties of nanocomposites, there
are a number of competing factors associated with this process. In
fact, some theoretical and experimental studies have actually pre-
dicted a negative impact when compared with the unfunctional-
ized case �9,33�. Chemical functionalization is known to introduce
defects in the CNT structure, which act as phonon scattering sites,
thus limiting the intrinsic conductivity of the nanotube. In addi-
tion, chemical functionalization can also reduce the overall aspect
ratio of the CNTs. These factors have adverse effects on the ther-
mal conductivity. However, the process also results in improved
dispersion and can possibly limit the mobility of the polymer ma-
trix backbone as a result of the denser cross-linked structure,
which in turn will result in improved thermal conductivity. Clancy
and Gates �315� conducted a number of molecular dynamics
simulations to investigate the effect of chemical functionalization
on the thermal interfacial resistance of a SWCNT embedded in a
poly�ethylene vinyl acetate� matrix. They also used the effective
medium theory to extend their study to examine the effects on the
thermal conductivity of the bulk nanocomposite. They studied the
effects of both the grafting density and the length of linear hydro-
carbon chains covalently bonded to the CNT surface. The results
of their simulations show that large decreases ��80%� in the in-
terfacial thermal resistance can be obtained by increasing the

grafting density of hydrocarbon chains �Fig. 37�a��. An increase in
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he chain length will also result in lowered interfacial thermal
esistance. Furthermore, when defects in the form of missing C–C
onds in the CNT structure were introduced at the grafting site,
ery little change was observed in the interfacial thermal resis-
ance values. Clancy and Gates extended their model to investi-
ate the effects of the same parameters on the effective conduc-
ivity. In short, the thermal conductivity increased with increasing
rafting density �Fig. 37�b��, chain length, CNT length, and CNT
olume fraction but did not exhibit a linear relationship in either
ase. In addition, the dependence of the thermal conductivity on
he interfacial thermal resistance seemed to be more pronounced
t shorter CNT lengths.

The results of Clancy and Gates are complemented by an earlier
olecular dynamics study conducted by Shenogin et al. �328� in
hich SWCNTs chemically functionalized with octane molecules
ere investigated. To illustrate the effect of chemical functional-

zation, the interfacial thermal resistance was represented in
quivalent matrix thickness units, which correspond to the thick-
ess of the matrix material over which the temperature drop is the
ame as that across the interface in the planar geometry. For the
ristine nanotube, the interfacial resistance was equivalent to
bout 7 nm of the matrix material. In the functionalized case, the
nterfacial resistance decreased and was reduced by more than
hree times when an octane molecule was attached to 1 out of 15
ube carbon atoms. The effective thermal conductivity of the com-
osite was evaluated using the effective medium theory. They
bserved a twofold increase in the thermal conductivity for the
ase of functionalized nanotubes with aspect ratios ranging from
00 to 1000. For aspect ratios above 1000, unfunctionalized nano-
ubes seemed to provide the largest enhancement in composite
hermal conductivity. This can be attributed to the competing fac-
ors associated with chemical functionalization. The process has
een shown to decrease the interfacial resistance but also lower
he intrinsic conductivity of the CNT through the introduction of
efects. At large aspect ratios, the interfacial resistance plays a
ess significant role since their large surface area allows for an
ffective exchange in the thermal energy with the matrix. In this
ase, it is advantageous to preserve high intrinsic fiber conductiv-
ty rather than reduce interfacial resistance. Carbon atoms in a
NT that are covalently attached to matrix molecules have bond-

ng strengths and associated bonding geometries different from
hose of the remaining nanotube carbon atoms. These geometrical
ffects are considered defects in the CNT structure. To illustrate
he detrimental effect of chemical functionalization on the intrin-
ic conductivity of the nanotube, Shenogin et al. accounted for
hese sp3 hybridization effects in their model. Therefore, their de-
ect representation is more realistic than that of Clancy and Gates
315�. The calculated thermal conductivity for the pristine nano-

−1 −1

Fig. 37 Influence of grafting density on the „a… interfacial t
Ref. †315‡…
ube was approximately 6000 W m K . With increasing de-
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gree of functionalization and hence number of defect sites, the
intrinsic conductivity dropped significantly. However, once about
1% of carbon atoms were functionalized, further increase in defect
density did not affect the intrinsic thermal conductivity, which
remained constant at 1700 W m−1 K−1. A similar degradation of
the intrinsic nanotube conductivity was observed by Padgett and
Brenner in their molecular dynamics simulations of phenyl func-
tionalized SWCNTs �329�.

4 Structural Health Monitoring and Damage Sensing
CNT polymer composites are beginning to show promise for a

variety of applications in the aerospace industry where improve-
ments in thermal, electrical, and mechanical properties of struc-
tural materials are a key goal. In parallel, there is a growing de-
mand for multifunctional materials that provide continuous and
integrated monitoring of damage phenomena in an efficient and
cost affordable way. Multifunctional polymeric materials are de-
signed using a bottom-up approach of deliberate molecular assem-
bly in order to implant multiple engineering functionalities within
one material system. Unlike traditional structural systems, where
only one material property is enhanced �e.g., strength/toughness�,
multifunctional systems are capable of fulfilling several design
requirements �e.g., strength/toughness, condition monitoring, ac-
tuation, and power generation�. The concept of multifunctional
materials with sensing capabilities combined with enhanced
mechanical-electrical and/or thermal properties could prove useful
for the high requirements of the aerospace sector. Continuous
health monitoring of composite materials and structures can con-
tribute to enhance safety and minimize cost by optimizing main-
tenance protocols. Acceptable health monitoring sensors should
meet specific requirements such as small weight and size, high
sensitivity, structural compatibility, life long operation, ability for
health monitoring of large critical areas, and the possibility to
transmit information to a central processor in real time.

The engineering community is aggressively pursuing novel
sensing technologies to enable automated damage detection of
critical load bearing components/systems, known hereafter as
SHM �330–333�. They rely on using sensing technologies and
physics-based models to detect damage in engineering compo-
nents. The most common SHM systems that currently exist are the
discrete tethered arrangements, which typically employ a variety
of distributed nodal sensors such as thermocouples, strain gauges,
linear variable differential transformers, accelerometers, and opti-
cal fibers, among others. These discrete tethered sensors are pow-
ered by and connected to a centralized data repository by coaxial
cables. In this case, the sensors are positioned strategically in
structural locations where large deformation or vibration is likely

mal resistance and „b… effective thermal conductivity „from
her
to occur. These systems can only allow global-based structural
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onitoring. Furthermore, they only sense significant global struc-
ural damage rather than the more realistic localized damage. In
ddition, these distributed sensors are unlikely to identify the
odal locations where damage is prevalent, and they are expensive
o install and maintain for large systems. Thus, for large scale and
omplex applications such as wind turbine blades, bridges, heli-
opters, and armour, which need to be monitored over large areas
nd for long periods of time, it becomes difficult to install these
HM systems due to the large amount of wiring, weight, and
verall system complexity �331,334�. Limitations such as these
old back the feasibility of current SHM approaches. These envi-
onments require novel self-sensing and intelligent damage detec-
ion capabilities in order to perform at their best and to continu-
usly provide safe usability. Techniques used in the past have not
een cost effective in structural applications that are large or com-
lex in design �335�. The best way to proceed for the SHM in
hese applications is to either explore the use of multifunctional
ensing devices, which are capable of monitoring a wide range of
amage phenomena, or better yet, use the material itself as a sen-
or of its own damage.

By exploring the architecture and the interplay of the electrical
nd mechanical properties of a CNT network in a composite’s
atrix, new nanoscale methodologies of SHM and internal dam-

ge sensing can be realized. As discussed in Sec. 3.5, the addition
f CNTs in a polymer matrix significantly increases the electrical
onductivity of the resulting composite through the formation of
n electrically percolating network. By passing an electric current
hrough the composite and measuring its electrical resistance, it is
ossible to monitor the architecture of the CNT network and the
train fields in the material. It is for this reason that CNT polymer
omposites are being exploited in the field of SHM. By studying
he electrical footprint of damage phenomena in composite mate-
ials using percolating CNT networks, an enhancement in the
afety of composite usage and reduced maintenance of the com-
osites can potentially be seen. These potential benefits have led
o an increased interest in researching CNT polymer composite
HM systems �336–339�. However, as of late, research in this
eld has been done to a small degree, and only minor correlations
etween electrical resistance measurements and internal damage
echanisms have been made �336,337�.
The SHM capabilities of a CNT percolating network can be

xploited in structural composite materials by directly dispersing
hem in the composite’s matrix, thus using the material itself as a
ensor. Alternatively, a freestanding CNT polymer composite film
an be fabricated and later bonded to the composite or metallic
tructure. In this way, the nanocomposite film acts as a stand-
lone damage sensor. CNT-based sensors have been shown to
ave multifunctional sensing properties and can potentially reduce
he number of sensors required to monitor a structure. This im-
lies an ease in the applicability and a significant reduction in
osts. However, one disadvantage of this approach is that damage
ill only be detected in the areas of the structure that are being
onitored by the sensor. One such stand-alone method of using
NTs to recover information about the condition of a structural
omponent was proposed by Kang et al. �334� using the concept
f a MWCNT neuron. MWCNTs were dispersed in a polymer
sing a combination of intense mixing and ultrasonication. The
olution was then sprayed within a patterned template onto a
tructure simulating a helicopter rotor blade. In theory, the neuron
ill act as a thin conducting film that will change its resistance
hen subjected to a load or when an internal crack begins to
ropagate through it. In such a case, the resistance will increase
nd the capacitance will decrease and the internal damage can
erve as a forewarning for failure. Yeo-Heung et al. �340� demon-
trated that the MWCNT neuron did indeed show an increase in
ts electrical resistance and a decrease in capacitance when a crack
as propagated through the neuron �Fig. 38�. They also demon-

trated how the neuron can also be used to detect corrosion on a

etallic substrate. Corrosion occurring on a metallic structure
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produces a diffusion layer at the interface between the structure
and neuron �334�. The corrosion ions penetrate into the neuron
sensor and form a double layer charge. These ions also change the
electrical characteristics of the sensor analogous to a doping ef-
fect. By measuring the electrical resistance and capacitance, the
onset of corrosion damage can be monitored. The major advan-
tage of this spray-on neuron is its capability of conforming to a
variety of materials, surfaces, and complex shapes where stress
concentrations can occur and are difficult to measure using con-
ventional strain sensors. However, as mentioned before, a disad-
vantage of this approach is that damage will only be detected in
the areas of the structure that are being monitored by the sensor.
Yeo-Heung et al. �340� presented a possible solution to this limi-
tation by introducing the concept of a neuron mesh whereby an
array of MWCNT neurons are used to monitor a larger area of a
structure. Additionally, by reducing the size of the neuron mesh to
the nano-or microscale, the neuron array can in theory detect very
small increments in the propagation of the crack. However, be-
cause the neuron is mounted on the surface of the structure, it will
not detect the more prevalent, detrimental, and premature damage
mechanisms that initiate directly within the host material.

Apposed to using CNT polymer composites as stand-alone topi-
cal sensors for SHM applications, it can also be desirable to tailor
existing composite materials to implant the sensing capability di-
rectly into the material itself. Previous studies show that the me-
chanical deformation and electrical resistance of carbon fiber-
reinforced plastics �CFRPs� are closely connected, so that the
material can act as an inherent sensor of its own damage. In such
composites with continuous carbon fibers, fiber breakage results
in sudden increases in the axial resistance. However, fiber break-
age is a damage phenomenon that often supersedes the earlier
signs of failure such as matrix cracking and interfacial failure.
Since the matrix phase of CFRPs composites are insulating, these
early and premature forms of damage cannot be monitored or
identified using traditional CFRP SHM techniques. Furthermore,
fiber breakage is a damage phenomenon that is often accompanied
with the complete failure of the composite structure. Therefore, it
is desirable to develop a means of measuring and monitoring the
premature matrix cracking and interfacial failure modes prior to
the often catastrophic fiber breakage event. As mentioned before,
CNTs can be directly dispersed into the matrix of a traditional
composite material improving the composite’s SHM capabilities.
In the case of CFRPs, the resulting composite consists in electri-
cally conducting carbon fibers with a percolating CNT network in
the matrix phase. The addition of the CNTs increases the electrical
conductivity of the matrix phase, allowing for the identification of
early matrix damage. For example, Lee and Yoon �341� doped a
standard CFRP composite with CNTs and measured the electrical

Fig. 38 Change in electrical resistance and capacitance due to
crack propagation in MWCNT neuron „from Ref. †340‡…
resistance under direct tensile loading. The electrical resistance of
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he CFRP composite with and without CNTs was measured during
oading coupled with acoustic emission measurements to help cor-
elate the measured signals to different damage phenomena,
amely, fiber breakage and matrix cracking. The electrical resis-
ivity of the standard CFRP composite increased suddenly when
he first carbon fiber fractured, which resulted in an open circuit
hroughout the composite �Fig. 39�a��. Electrical resistivity in the
FRP composite with CNTs increased in a stepwise fashion with

ncreasing fiber breakge events �Fig. 39�b��. This indicates that the
NTs helped bridge the fractured carbon fibers and maintain a
artial electrical circuit. In a similar study, Kostopoulos et al.
342� examined the electrical resistance of CFRP composites
oped with CNTs subjected to fatigue loading. Test specimens
ere subjected to cyclic loading tests, and the resistance was mea-

ured at the maximum loading and at the unloading position of
ach cycle. The tests indicated that the doped samples were more
ensitive to resistance changes. Moreover, in the first stage of
oading, the changes in resistance were only detected by the CNT
oped composite. Matrix cracking is the dominant damage
echanisms in this early stage of loading, and it was speculated

hat the matrix cracks interrupt the CNT percolation network, re-
ulting in this early increase in resistance.

Clearly, experimental validations of the SHM capabilities of
NT doped CFRP composites and stand-alone CNT damage sen-

ors are well on their way. However, little theoretical work has
een done to predict the electrical footprint of composite damage
henomena using percolating CNT networks and even traditional
FRP systems. This can be mainly attributed to the relative com-
lexity associated with modeling a system, which accounts for the
aried length scales, three-dimensional nature, and wide range of
amage phenomena. At present, the authors are only aware of the
elatively simplified works by Li and Chou �343�. They modeled a
wo-dimensional cross-ply glass fiber composite with an embed-
ed CNT network using FE methods coupled with resistor net-
ork modeling. Three components contribute to the electrical re-

istance of a percolating CNT network, namely, the intrinsic
esistance of the CNTs, the contact resistance at CNT junctions,
nd the tunneling resistance of electrons flowing through a poly-
er medium between neighboring CNTs �290�. Li and Chou in-

estigated these effects in separate studies and incorporated these
esistances in their SHM model. Their results indicate that matrix
racking directly cuts off adjacent conducting branches in the per-
olation network and that any change in the electrical resistance is
epresentative of the degree of cracking. It is often the case that
hen the matrix undergoes cracking, the networks are undam-

ged. Nevertheless, a change in resistance was measured as the
mpact of the damage was sensed by the network nearby. The
redicted change in composite resistance was also partly attrib-

Fig. 39 Comparison of fiber damage detection in comp
ted to increased tunneling resistance between neighboring nano-
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tubes. As the composite is strained, neighboring nanotubes be-
come separated by a larger amount of insulating polymer matrix.
The tunneling resistance increases significantly with increasing
distance, thus contributing to a larger composite resistance with
increasing strain. Figures 40�a�–40�c� illustrate this effect under
the evolution of damage, while Fig. 40�d� presents the predicted
change in composite electrical resistance due to the applied load.

5 Current Challenges and Future Outlook
Carbon nanotubes have certainly stimulated enormous research

in the field of nanoengineering and nanomaterials since their dis-
covery in 1991. CNTs are extremely versatile materials: They are
one of the strongest known materials, highly conductive in the
electrical and thermal sense, light weight, low in density, and
small in size but stable. All these properties show enormous prom-
ise for their exploitation in a wide range of applications and un-
questionably a promising future. Furthermore, the incorporation
of these nanofillers in host polymeric matrices offers new and
exciting possibilities in the already exhausted field of composite
science. They offer the ability to tailor the mechanical, electrical,
and thermal properties of the host material to yield next genera-
tion multifunctional nanocomposites. These nanocomposites have
in some cases already reached the market and become an integral
part of modern technologies. Examples include products for the
electronics and packing industries, which utilize the electromag-
netic shielding and electrostatic discharge capabilities of compos-
ites, structural components in aerospace and automotive indus-
tries, explosive decompression resistance pipe seals for the oil and
gas industry, and light weight sports equipment. Other future ap-
plications could be as diverse as biological implant materials,
prosthetics, photo-active polymers, and osteointegration applica-
tions �growth of bone cells�. However, the existing technologies
did not evolve without considerable efforts from the research
community and designers alike in understanding the fundamental
principles on which they rely, overcoming significant processing
obstacles and ensuring their continuous and optimal performance.
In fact, the time lag between concept generation and actual prod-
uct development is several years to decades for these particular
technologies. Great challenges face the development of CNT
polymer composites into future functional devices and structures,
and it is not surprising that some of these technologies have
evolved at a quicker pace than others. This is entirely dependent
on the function of the product and the properties of the nanocom-
posite that are being exploited. The items to follow are just some
of the integral areas of the field that need to be given due attention
by researchers, engineers, and scientists in order to facilitate the
speedier development of future technologies that exploit the use

es „a… with CNTs and „b… without CNTs „from Ref. †341‡…
of CNT polymer composites.
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5.1 Carbon Nanotube Availability, Cost, and Quality. A
ide variety of synthesis techniques exist to produce CNTs with
aried properties. However, the growth mechanisms of CNTs are
till not very well understood. As a result, it is not yet possible to
row nanotubes in a controlled way such that the CNTs do not
how significant variability in their properties. To some extent
here has been some success in growing CNTs of a certain diam-
ter, and to a lesser extent chirality, by tuning the environmental
rocessing parameters through trial and error. The chirality be-
omes important for electronic applications, which rely on spe-
ific atomic arrangements of the atoms to selectively tune the
ntrinsic electrical conductivity. In contrast, the length and aspect
atio are critical parameters that govern their reinforcing potential
n composite materials. Before the full potential of CNTs can be
xploited in composite materials, it is imperative that consistent
nd reliable methods be developed that can control the orientation,
hirality, size, and structure of the CNTs.

The synthesis techniques for growing CNTs are also expensive,
nd as a result the achievable yield of CNTs is still very low.
side from the equipment, even the materials used to produce
NTs represent a large percentage of the cost. For example, the
atalyst used in the chemical vapor deposition process can consti-
ute as much as 20–50% of the cost of the final product �344�. As

result, high purity nanotubes cost approximately $800/g, and
ven ones with a large percentage of defects and impurities cost
pproximately $35/g �345�. For bulk applications such as tailoring
gents in composite materials, the quality and quantity of nano-
ubes that can be manufactured still fall short of what they should
e. These applications would require high quality nanotubes in
uantities of tonnes to support not only the manufacturability of
he nanocomposites but also the product design and conceptual
esearch stages. Efficient processing routes, which can be scaled
p to commercial production levels, are needed if CNTs are to
ave a wider range of applications. For these reasons, arc dis-
harge and laser ablation techniques do not seem promising as
hey are limited in terms of the quality of the nanotubes they
roduce and the difficulties in scaling these production methods.
n the other hand, chemical vapor deposition methods do show
otential as they utilize a flowing gas �methane, carbon monoxide,
r acetylene� as the source of carbon and also require less purifi-
ation; however, this method still requires some sorting of the
anotubes.

It should be noted, however, that the industry is moving for-
ard with regard to these dilemmas. For example, Bayer Material

Fig. 40 Structural health monitoring us
neighboring nanotubes, „b… reduced tunn
tance, „c… no flow of electrons due to exc
trical resistance due to the applied load „
cience currently operates 30 high quality CNT production facili-
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ties and has reportedly opened a new pilot facility that can pro-
duce 200 metric tonnes of high quality CNTs annually �346�.
Zyvex Instruments has created a CNT certification program,
which is used to verify the quality and batch-to-batch consistency
of CNTs using market-accepted analytical tests. This certification
program is a very important tool because there are currently no
standards for evaluating the quality of nanotubes, and buyers are
normally unaware of what they are purchasing.

5.2 Nanocomposite Processing and Characterization. Per-
haps the most significant obstacle to the development of CNT
composites and their applications is the difficulty associated with
homogeneously dispersing CNTs in the matrix, their insufficient
bonding to the matrix phase, and the difficulties associated with
aligning the CNTs in the matrix. It is exactly for these reasons that
the exceptionally high Young’s modulus and strength of CNTs
have of yet not been fully exploited in CNT-reinforced compos-
ites, and their properties have fallen short of theoretical predic-
tions. There are, of course, numerous efforts being devoted to
these areas, as outlined in the review. Various methods have been
developed to disperse CNTs with varying levels of success. It has
been demonstrated that surface modification techniques can im-
prove the CNT/matrix interfacial bonding and also assist in
achieving a more uniform dispersion. These methods do, however,
compromise the intrinsic properties of the nanotubes. In addition,
various alignment techniques have also proven effective to control
the preferential orientation of the nanotubes in the matrix. How-
ever, they do have their limitations and drawbacks, which range
from the coarsening effect in the electric-field methods to the
inability to process large samples with the magnetic-field meth-
ods. Furthermore, it is presently very difficult to characterize or
measure the degree of dispersion, alignment, and bonding in these
materials. Customarily, electron imaging techniques are used to
deduce the uniformity of the dispersion. However, these tech-
niques are hindered by the extremely small field of view or vol-
ume of the sample that can be investigated. Analytical electron
microscopy techniques such as X-ray diffraction and polarized
Raman spectroscopy are the only available means of characteriz-
ing the degree of CNT alignment. Although effective, these meth-
ods are limited by the resolution of the detectors and are very
sensitive to any sample inconsistencies. Finally, CNT pull-out
tests can be used to measure the interfacial shear strength between
the CNT and matrix. Again, due to the nanoscale involved, it is

CNTs. „a… Electron tunneling between
ng due to the increased separation dis-
ive separation, and „d… variation in elec-
m Ref. †343‡….
ing
eli

ess
presently very difficult to conduct these tests.
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5.3 Standardization and Regulation. Currently, there are
ery few standards or regulations for the CNT composite industry
nd even the general field of nanotechnology. Apart from stan-
ards and regulations for health, safety, and toxicology, the CNT
omposite industry requires some form of standardized procedure
or evaluating the quality of the CNTs such that companies and
uyers are able to compare different nanotube sources. The lack of
tandards is considered a barrier to the CNT composite market
ecause companies and researchers are finding it difficult to en-
ure that their products and processes are safe and consistently
eliable. As a result, they are often forced to take conservative
pproaches to the handling of these materials, which can increase
osts considerably. Furthermore, without standardized procedures
nd regulations and a better understanding of the safety of CNTs
nd their products, companies are forced to deal with media
peculations that can negatively influence the public’s opinion
bout the safety of these materials, misleading the public to be-
ieve that these nanoparticles are hazardous.
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omenclature
AFM � atomic force microscopy

CFRP � carbon fiber reinforced plastic
CNF � carbon nanofiber
CNT � carbon nanotube

DWCNT � double-walled carbon nanotube
EMA � effective medium approach

FE � finite element
FWHM � full width half maximum

ISS � interfacial shear strength
MD � molecular dynamics
MM � micromechanics

MWCNT � multiwalled carbon nanotube
QM � quantum mechanics
PA6 � polyamide 6 �nylon 6�

PA12 � polyamide 12 �nylon 12�
PANI � polyaniline

PE � polyethylene
PET � polyethylene terephthalate

PMMA � polymethylmethacrylate �acrylic�
PmPV � poly-m-phenylenevinylene

PPA � polyphthalamide
PS � polystyrene

RVE � representative volume element
SEM � scanning electron microscopy
SHM � structural health monitoring
STM � scanning transmission microscopy

SWCNT � single-walled carbon nanotube
TB � tight binding

TEM � transmission electron microscopy
TETA � triethylenetetramine
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114� Che, J., Çağin, T., and Goddard, W. A., III, 2000, “Thermal Conductivity of
Carbon Nanotubes,” Nanotechnology, 11, pp. 65–69.

115� Fan, H., Zhang, K., and Yuen, M. M. F., 2007, “Effect of Defects on Thermal
Performance of Carbon Nanotube Investigated by Molecular Dynamics
Simulation,” Eighth International Conference on Electronic Materials and
Packaging, pp. 792–795.

116� Yan, X. H., Xiao, Y., and Li, Z. M., 2006, “Effects of Intertube Coupling and
Tube Chirality on Thermal Transport of Carbon Nanotubes,” J. Appl. Phys.,
99, p. 124305.

117� Troung, V.-T., Tsang, K. M. C., Keough, S. J., and St John, N. G., 2006,
“Effect of Sonication on the Mechanical Properties of Poly �Vinyl Alcohol�/
Carbon Nanotube Composites,” Proc. SPIE, 6415, p. 641503.

118� Yang, Z., Pu, Y., Zhou, L., Chen, C., Li, W., Xu, L., Yi, B., and Wang, Y.,
2007, “Facile Approach to Obtain Individual-Nanotube Dispersion at High
Loading in Carbon Nanotubes/Polyimide Composites,” Polym. Adv. Tech-
nol., 18, pp. 458–462.

119� Fagan, J. A., Landi, B. J., Mandelbaum, I., Simpson, J. R., Bajpai, V., Bauer,
B. J., Migler, K., Walker, A. R. H., Reffaelle, R., and Hobbie, E. K., 2006,
“Comparative Measures of Single-Wall Carbon Nanotube Dispersion,” J.
Phys. Chem. B, 110, pp. 23801–23805.

120� Narh, K. A., Jallo, L., and Rhee, K. Y., 2008, “The Effect of Carbon Nano-
tube Agglomeration on the Thermal and Mechanical Properties of Polyethyl-
ene Oxide,” Polym. Compos., 29�7�, pp. 809–817.

121� Xie, X.-L., Mai, Y.-W., and Zhou, X.-P., 2005, “Dispersion and Alignment of
Carbon Nanotubes in Polymer Matrix: A Review,” Mater. Sci. Eng. R., 49,
pp. 89–112.

122� Liu, T., Xiao, Z., Zhang, C., and Wang, B., 2008, “Preparative Ultracentri-
fuge Method for Characterization of Carbon Nanotube Dispersions,” J. Phys.
Chem. C, 112, pp. 19193–19202.

123� Yoon, D., Kang, S. J., Choi, J. B., Kim, Y. J., and Baik, S., 2007, “The
Evaluation of Individual Dispersion of Single-Walled Carbon Nanotubes Us-
ing Absorption and Fluorescence Spectroscopic Techniques,” J. Nanosci.
Nanotechnol., 7�11�, pp. 3727–3730.

124� Bonavolontà, C., Valentino, M., Meola, C., Carlomagno, G. M., Volponi, R.,

and Rosca, I. D., 2009, “Non-Destructive Testing of a Carbon-Nanotube-

50801-36 / Vol. 63, SEPTEMBER 2010

ded 02 Mar 2011 to 128.100.48.220. Redistribution subject to ASM
Reinforced Composite Using HTS-SQUID and Electromagnetic Tech-
niques,” Supercond. Sci. Technol., 22, p. 095001.

�125� Hilding, J., Grulke, E. A., Zhang, Z. G., and Lockwood, F., 2003, “Disper-
sion of Carbon Nanotubes in Liquids,” J. Dispersion Sci. Technol., 24�1�, pp.
1–41.

�126� Fiedler, B., Gojny, F. H., Wichmann, M. H. G., Nolte, M. C. M., and Schulte,
K., 2006, “Fundamental Aspects of Nano-Reinforced Composites,” Compos.
Sci. Technol., 66, pp. 3115–3125.

�127� Zaragoza-Contreras, E. A., Lozano-Rodríguez, E. D., Román-Aguirre, M.,
Antunez-Flores, W., Hernández-Escobar, C. A., Flores-Gollardo, S. G., and
Aguilar-Elguezabal, A., 2009, “Evidence of Multi-Walled Carbon Nanotube
Fragmentation Induced by Sonication During Nanotube Encapsulation via
Bulk-Suspension Polymerization,” Micron, 40, pp. 621–627.

�128� Weisenberger, M. C., Grulke, E. A., Jacques, D., Rantell, T., and Andrews,
R., 2003, “Enhanced Mechanical Properties of Polyacrylonitrile/Multiwall
Carbon Nanotube Composite Fibers,” J. Nanosci. Nanotechnol., 3, pp, 535–
539.

�129� Kearns, J. C., and Shambaugh, R. L., 2002, “Polypropylene Fibers Rein-
forced With Carbon Nanotubes,” J. Appl. Polym. Sci., 86, pp. 2079–2084.

�130� Wichmann, M. H. G., Sumfleth, J., Fidler, B., Gojny, F. H., and Schulte, K.,
2006, “Multiwall Carbon Nanotube/Epoxy Composites Produced by a Mas-
terbatch Process,” Mech. Compos. Mater., 42�5�, pp. 395–406.

�131� Bozlar, M., He, D., Bai, J., Chalopin, Y., Mingo, N., and Volz, S., 2009,
“Carbon Nanotube Microarchitectures for Enhanced Thermal Conduction at
Ultralow Mass Fraction in Polymer Composites,” Adv. Mater., 21, pp. 1–5.

�132� Panagiotou, T., Bernard, J. M., and Mesite, S. V., 2008, “Deagglomeration
and Dispersion of Carbon Nanotubes Using Microfluidizer High Shear Fluid
Processors,” Nano Science and Technology Institute (NSTI) Conference and
Expo Proceedings, Boston, June 1–5, Vol. 1, pp. 39–42.

�133� Seyhan, A. T., Gojny, F. H., Tanoğlu, M., and Schulte, K., 2007, “Critical
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