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Abstract

In the current chapter, achievement of aligned carbon nanotube (CNT) network within
the matrix via various kinds of electric fields (AC and DC) was evaluated. In this case,
alignment mechanism of CNTs within the matrix and two useful techniques for justifi-
cation of CNT alignment throughout the matrix were examined and presented, respec-
tively. Afterward, effective factors in matter of CNT alignment and applicable procedures
for fabrication of nanocomposites containing aligned CNTs were studied and presented,
respectively. At the end, significant effects of CNT alignment on overall properties of
nanocomposites that include electrical and mechanical properties were evaluated.
Achieved results revealed that alignment of CNTs within the matrix can lead to signifi-
cant improvement in the electrical and mechanical properties of nanocomposites at the
same filler loading compared with randomly distribution of CNTs within the matrix,
while production steps and conditions can also highly affect the outcome data.

Keywords: carbon nanotube, nanocomposite, electric field, alignment, electrophoresis

1. Introduction

Carbon nanotube (CNT) is a unique material with fantastic electrical, thermal, and mechani-
cal properties, and since its discovery by lijima in 1991 [1], global attention attracted toward it,
and many researchers have evaluated the extraordinary properties of CNTs toward develop-
ment of nanocomposites and sheets holding highly oriented CNTs with enhanced electrical
and mechanical properties [2-7].
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Alignment of CNTs within the matrix can boost their properties in various fields include
electrical and mechanical properties [2-7]. What is more, alignment of CNTs can be
achieved via various methods such as electrical field [2-4, 7, 8], magnetic field [9], shear
flow [10, 11], mechanical force [12, 13], and electrospinning [14, 15], which electrical field—
induced alignment is the simplest and most manageable method for alignment of CNTs
within the matrix.

Besides, exert of electrical field to a matrix containing CNTs can lead to expansion of a highly
oriented network from the negative electrode toward the positive electrode, which acting as
a pathway for transferring current from the negative electrode toward the positive electrode.
In this case, interruption of applied current can lead to collapse of developed network which
known as relaxation mechanism [16].

In this chapter, first the alignhment mechanism of CNTs within the matrix was evaluated, and
thence, useful techniques for justification of CNT alignment in the content of matrix were pre-
sented. Afterward, effective techniques for fabrication of nanocomposites containing highly
and randomly oriented CNTs were discussed, and effect of alignment on various properties
of nanocomposites was examined.

2. Alignment mechanism of CNTs within the matrix

Alignment mechanism of CNTs consisted from four stages [16]. In the first stage, due to
the application of electric field, a dipole moment induced at the edges of CNTs resulted
in their rotation to a certain angle and thence aligned in the direction of electric field. In
the second stage, polarized CNTs attract each other, and head-to-head contact occurs,
forming an aggregating in a chain-like structure. In the third stage, CNTs migrate toward
and attach to the negative electrode, respectively. When CNTs are close enough to the
electrode in order to transfer the charge, they discharge and aggregate onto the electrodes.
Attached CNTs to the electrode become sources of high field strength and primary loca-
tions for absorption of other CNTs. In the fourth stage, following the connection of the
first CNT bundle to the negative electrode, other CNT bundles attached the first bundle,
and thence aligned CNT network spans negative-positive electrode spacing. In fact, CNTs
form a pathway for transferring the current from the negative electrode toward the posi-
tive electrode and if the electric field interrupted during the alignment process, highly ori-
ented network breaks down and CNTs return to their primary locations, this phenomenon
is known as relaxation mechanism [16, 17]. Likewise, the translational motion of CNTs
toward the negative electrode, justifying the presence of a negative surface charge, is gov-
erned by the electrophoretic mobility of charged CNTs. In case of relaxation mechanism,
the Brownain diffusion is relevant to the motion and tends to fade of the aligned network,
till it returns to the primary randomly distribution situation [18]. In Figure 1, alignment
process of CNTs within matrix can be seen.
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Figure 1. Alignment behavior of CNTs under application of electric field, (1) rotation, (2) head-to-head contact,
(3) migration toward the negative electrode and (4) formation of aligned network between electrodes.

3. Justification of CNT alignment

There are several effective techniques for evaluation of CNT alignment within the matrix. In
this case, the most common technique is via micro Raman spectroscopy. Raman spectrum of
CNT/polymer nanocomposites features two characteristic peaks, namely D-band and G-band.
The band at 1350 cm™ is known as D-band and corresponds to overall amount of defects in
carbon atom bonds in curved graphene sheets. Therefore, the structural defects including
heteroatoms, vacancies, impurities, as well as pentagon-heptagon pairs in helical structures
of CNTs can activate the D-band feature. The other strong band observed at 1590 cm™, called
G-band, corresponds to the graphitization/crystallization degree of CNTs. G-band is believed
to derive from the stretching of sp*hybridized carbon atom bonds along the surface of gra-
phitic CNTs [19-21]. Alignment of CNTs within the polymer matrix has significant effect on
both D-band and G-band peaks [22-24]; this introduces Raman spectroscopy as a comple-
mentary technique to verify the alignment of SWCNTs within the polymer matrix.

For this purpose, D (G) band intensities obtained parallel and perpendicular to CNT alignment
direction are denoted as D, (G,) and D (G)), respectively. Enhancement of D /D, and G /G, val-
ues corresponds to improvement of CNT alignment within the matrix, due to higher surface area
of aligned CNT projected to applied laser light in parallel direction than perpendicular direc-
tion. Abbasi et al. [19] and Arjmand et al. [20, 25, 26] used this technique in order to examine the
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alignment degree for compression-molded and injection-molded multi-walled carbon nanotube
(MWCNT)/polymer nanocomposites. Their obtained results revealed that alignment of MWCNT
via injection molding method had higher D /D and G /G, values compared to the compression-
molded samples, which contain randomly distributed CNTs. They also found out that D-band is
more sensitive to MWCNT alignment than G-band; thus, higher values of D”/D | than G”/G | are
expected for the aligned nanocomposites compared to unaligned nanocomposites.

The higher the ratio of G,/G, the better the quality of aligned CNT network [27]. In a study by
Chapkin et al. [28], they have developed a technique, which has utilized polarized Raman spec-
troscopy for evaluation of CNT alignment within the polymer matrix under applied electric field.
In this case, the effect of electric field strength between range 200 and 1100 V/cm on the degree
of alignment and required time for achieving highly oriented CNT network was examined. The
Raman scattering intensity is proportional to falling CNTs within the excitation volume of the
laser. Increase in the concentration of CNTs within the matrix not only can increase the likeli-
hood of multiple scattering events but also can increase the opacity of the mixture, which can
lead to decrease in the penetration depth of the laser. Comparison between intensities of Raman
spectra provided by orthogonally polarized incident light in nanocomposites containing well-
aligned CNTs is an evaluation method for alignment characterization. Electrostatically aligned
network of CNTs can lead to increase in the G-band intensity for parallel polarization direc-
tion and decrease for perpendicular direction in comparison to unaligned network. The G /G,
ratio indicating the degree of CNT alignment, which increases in this ratio, is the sign of better
alignment within the matrix. In an unaligned specimen, this ratio is approximately 1. By apply-
ing the electric field between electrodes and alignment of CNTs between them, the intensities
related to Raman peaks in the CNT spectrum begin to rise. In this case, the intensity of G-band
was increased for the parallel polarization and decreased for the perpendicular polarization than
unaligned specimens. Besides, by interruption of electric field, a considerable drop in the normal-
ized G-band intensity was observed which is known as relaxation mechanism [16]. Decrease in
the G-band intensity due to interruption of electric field indicating the loss of CNT alignment
and collapse of aligned network. Furthermore, viscosity of matrix can highly affect the alignment
behavior of CNTs. In this regard, a rapid loss in CNT alignment on the order of tens of millisec-
onds observed for low viscosity systems by interruption of the electric field [29, 30]. However,
it has been observed that the alignment degree of CNTs in a matrix with high viscosity is higher
than in a matrix with lower viscosity [31]. Increase in the electric field strength can either improve
the G, /G, ratio or degree of alignment within the matrix. On the other hand, the polarization of a
CNT highly depends on its conductivity [32, 33] and aspect ratio [32]. Conductivity of a CNT is
based on its charity and behavior, which could be metallic or semiconducting. It has been proved
that metallic CNTs presenting a greater degree of alignment via applied electric field than semi-
conducting CNTs [28]. Khan et al. [3] and Chen et al [4] have used micro Raman spectroscopy for
determining the degree of CNT alignment via applied DC and AC electric fields, respectively.

In addition, Monti et al. [16] and Martin et al. [17] have measured the electrical current dur-
ing the exertion of electric field as an indicator for formation of a highly oriented network
in the area between two opposite electrodes. In fact, when highly oriented CNT network
completed, the negative surface charge on the surface of the suspension has become constant,
which shows highly oriented network has completed. Moreover, this network is a conductive
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Figure 2. (a—c) Justification of CNT alignment via micro Raman spectroscopy [3, 19, 20], (d) Justification of CNT
alignment via constant current on suspension surface [16].

path for transferring the current toward the positive electrode under electrophoresis, which
verifying the presence of negative surface charge on CNT surfaces [17]. In Figure 2, a view of
various justification methods for CNT alignment can be seen.

4. Effective factors on CNT alignment

Many effective factors involved in case of CNT alignment, which evaluation of their effects
on aligned network is very essential. Homogenous dispersion of pristine CNT in the matrix is
difficult to achieve, which is due to the poor interfacial interaction between CNTs and matrix
[34, 35]. What is more, functionalization of CNTs can improve their dispersion within the
matrix and enhance the align network. The alignment of CNTs within the matrix has signifi-
cant effect on overall properties of developed nanocomposites, which are mainly dependent
on the degree of CNT dispersion, type of matrix, and interfacial bonds between the matrix
and fillers [3]. On the other hand, functionalization of CNTs can improve their dispersion and
thus alignment of CNTs within the matrix due to the better interaction with matrix. In fact,
functionalization of CNT can change its nature from hydrophobic to hydrophilic [36]. But
functionalization of CNTs can increase their resistivity and examination of nanocomposites
containing aligned CNTs revealed that highly oriented network consisted form pristine CNTs
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Figure 3. Comparison between performance of pristine and functionalized CNTs for formation of aligned network
under application of AC electric field [4].

presenting higher electrical conductivity than functionalized CNTs [8]. A view of aligned
CNTs networks containing pristine and functionalized CNTs can be seen in Figure 3. As can
be seen in this figure, pristine CNTs have formed agglomerated bundles, while functionalized
CNTs formed approximately homogenous aligned network.

Furthermore, alignment of CNTs within the matrix can be achieved via both AC and DC elec-
tric fields, while behavior of CNTs highly depends on the type of employed electric field and
surface charge on the surface of suspension [17, 37]. In regard of DC electric field, migration
of CNTs toward the negative electrode is governed by their electrophoretic mobility, which
highly depends on the surface charge, while the electrophoretic mobility for AC electric field
is zero. This specification of AC electric field can lead to creation of homogenous aligned net-
work within the matrix due to their dielectrophoretic behavior. Likewise, usage of AC electric
field found to be more effective compared with DC electric field [4, 17]. Moreover, increase
in the electric field voltage can enhance the degree of CNT alignment, while for both AC and
DC electric fields, increase in the electric field voltage can increase the aggregation rate, which
highlights the requirement for optimization of voltage level [3, 8]. It was revealed that increase
in the frequency of AC electric field can enhance the alignment degree and increase the trans-
vers connections between aligned CNT bundles in the direction of electric field [8]. On the
other hand, AC electric field presented both better dispersion and alignment within the matrix
compared with DC electric field [4]. In Figure 4, effect of CNT weight percentage and DC
electric field exerting time and strength on the quality of final aligned network can be seen. As
can be seen in this figure, increase in CNT weight percentage and voltage can lead to increase
in agglomeration rate and creation of robe-like CNT bundles which can be seen in Figure 4(g).
Moreover, a view of aligned CNT network in fully cured samples can be seen in Figure 5.

In addition, applied voltage and viscosity of matrix can highly affect the alignment process.
Increase in the voltage and decrease in the viscosity of matrix can decrease the alignment time.
However, unnecessary increase in the electric field voltage can improve the aggregation rate of
CNTs and lead to creation of rope-like thick CNT bundles. On the other hand, due to high aspect
ratio of CNTs, longitudinal polarization overcomes the transverse polarization. It is worth not-
ing that after completion of the longitudinal polarization, CNTs start to attach each other in the
transverse direction, forming transverse crosslinking [3, 16]. In Figure 6(a—c), effect of viscosity
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Figure 4. Optical images from aligned CNT networks with respect to their concentration, size and duration which DC
electric field was applied between electrodes, (a—f) 100 V/cm for 30 min and (g) 200 V/cm for 30 min [3].

Figure 5. Optical micrographs of suspension containing (a) randomly distributed SWCNTSs before the field application,
(b) alignment of SWCNTs after 180 s of field application, (c) alignment of SWCNTs after 15 min of field application, (d) a
view of relaxation mechanism 10 min after switching the electric field off [16], (e and g) random distribution of MWCNTs
within the matrix and (f and h) alignment of MWCNTs within the matrix via DC electric field [3].
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Figure 6. Effect of electric field strength and viscosity of matrix on the required time for (a) rotation, (b) head to head
contact and (c) migration, (d) shows comparison between required time for alignment of CNTs within the matrix and
migration of CNTs toward negative electrode [16].

and electric field strength on required times for rotation, formation of chain-like structure, and
migration can be seen, respectively. Besides, in Figure 6(d), comparison between total align-
ment time and required time for CNT migration toward negative electrode can be seen.

5. Methodology

In order to achieve a nanocomposite containing highly oriented CNT network with homog-
enous distribution, development of a practical procedure which has considered all of effec-
tive factors in matter of CNT alignment and nanocomposites preparation is essential. In this
case, Ma et al. [4] synthesized MWCNTs using chemical vapor deposition (CVD) technique
and thence functionalized fabricated MWCNTs using acidic method. In this regard, a mix-
ture of H,5SO, and HNO, acid (1:1 volume ratio) was prepared, and thereon, MWCNTs were
added to the previous solution and heated up to 150°C for 30 min. Then, MWCNTs were
rinsed with deionized water till they become chemically neutral. FTIR examination revealed
that these MWCNTs have hydroxyl (—OH) and carboxyl (—COOH) functional groups, which
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can improve their dispersion within the matrix. Thence, MWCNT/poly methyl meth acrylate
(PMMA) composites fabricated using in situ polymerization technique. In this regard, 0.1 wt%
2,2-azobisisobutylonitrile (AIBN) was dissolved in liquid methyl methacrylate (MMA) mono-
mer. Then, desirable weight percentage of MWCNTs added to the MMA/AIBN solution and
ultrasonicated for 15 min. In the next step, in order to align MWCNTs in the matrix, AC volt-
age of 300 Vp-p (peak to peak) at 500 Hz was maintained across the copper electrodes. The
resulting nanocomposite was allowed to cure under the AC electric field for 2 h at 70°C.

Zhu et al [7] developed nanocomposites containing aligned MWCNTs within the epoxy
resin. In this regard, MWCNTs were synthesized with mean diameter and average length
of 20 nm and 10 pm, respectively. Afterward, they have developed two different kinds of
MWCNT. For the first MWCNT type, MWCNTs were purified with hydrofluoric acid for
24 h in order to remove impurities and residual catalyst from synthesized MWCNTs. Thence,
purified MWCNTs were placed in an oven at 100°C for 24 h, thereby resulting in production
of pristine MWCNT. For development of second type of MWCNTs, pristine MWCNTs were
added into a solution of H,SO, and HNO, (volume ratio 1:1) and resulting suspension heated
up to 150°C for 30 min. Thereon, MWCNTs were filtered and rinsed continuously with deion-
ized water in order to make it chemically neutral. This procedure can lead to production of
functionalized MWCNTs with carboxyl (-COOH) and hydroxyl (-OH) functional groups. the
oxidized MWCNTs were thence refluxed in thionyl chloride at 80°C for 1 h, and residual sus-
pension was distilled and added into a mixture of methylene dichloride, 1,2-ethylenediamine,
and triethylamine. Resulting suspension was stirred for 1 h at room temperature. Eventually,
MWCNTs were filtrated out, rinsed with deionized water till become chemically neutral, and
then dried at 100°C for 24 h to gain amine functionalized MWCNT. In case of matrix, they
have used an epoxy resin which could be cured via emission of UV beams and while irradi-
ated by 265-nm UV light, it was fast polymerized within several minutes. In the next stage,
specific amount of prepared MWCNTs was poured in the epoxy resin and ultrasonicated for
20 min. Then, 2 mL of the resulting suspension poured into the related mold, and thence, an
AC voltage of 2000 Vp-p (peak to peak) at 200 Hz was applied to the suspension for approxi-
mately 10 min. Then, UV light was emitted to the suspension for 10 min, which resulted in
fast polymerize (cure) of the suspension. A view of their fabrication procedure can be seen in
Figure 7(a).

Khan et al. [3] used CVD fabricated MWCNTs for development of nanocomposites containing
highly oriented CNTs. For this regard, first MWCNTs were subjected to ultra-violet/ozone
(UV-O,) treatment for 30 min used equipment consisted from a low-pressure mercury vapor
grid lamp, which could irradiate UV radiation of 28 W/cm? to samples placed 20 mm far
from it. This step can change the nature of CNTs from hydrophobic to hydrophilic due to the
creation of oxygen-based functional groups on CNT surface, thereby enhancing the interac-
tion between matrix and CNTs. Functionalized MWCNTs sonicated in acetone and Tritone
x-100. Thence, epoxy resin was added to the previous suspension and sonicated for further
1 h. Thereon, CNT/epoxy mixture was placed in the vacuum oven for 2 h in order to evaporate
acetone from the suspension. For further degassing, suspension was passed through a three-
roller mill for six times. Resulting mixture was then degassed for further 20 min to eliminate
trapped air bubbles, and thereupon, curing agent triethylenetetramine was added to the epoxy
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resin with ratio 12:100. MWCNTs aligned due to application of DC electric field in a place
between two aluminum electrodes with 50 mm distance. In this case, 100 or 200 V/cm electric
field was applied to the mixture depend on the concentration of MWCNTs. An elevated tem-
perature of 100°C was applied to the mixture after completion of alignment, which resulted in
the rapid cure of the mixture. Primary cured composite was then postcured at 120°C for 2 h. A
view of their production technique can be seen in Figure 7(b).

On the other hand, despite the fabrication process, which is very important in development
of nanocomposites containing aligned CNTs in the direction of electric field, destructive fac-
tors such as bubble based voids can also significantly affect the overall properties of nano-
composites includes mechanical and electrical properties [38—43]. Formation of bubble-based
voids in the thermoset resins, such as epoxy resin, can highly affect their structural properties
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and lead creation of stress concentration areas. Bubbles are created due to various factors;
diffusion of air into the polymer matrix and amalgamation of small bubbles have the main
role in the creation of large bubbles. After completion of matrix-curing steps, the bubbles
transform to voids and due to higher internal pressure than pressure in border with matrix
and matrix itself, thereby resulting in growth of cracks in radial direction around the void
[39, 42, 44]. For this regard, researchers have developed various kind of techniques to mini-
mize the overall amount of bubble based voids, including molecular dispersion of bubbles
in the polymer matrix [39], simultaneous usage of vacuum and vibration [45], and vacuum
shock technique [42].

Moreover, addition of curing agent to the epoxy resin can lead to generation of a great amount
of bubbles throughout the matrix, which is due to the reaction between the resin and the cur-
ing agent and can be removed via vacuum shock technique before completion of the first
curing step. For instance, the presence of bubble-based voids throughout the epoxy resin
with 1.0 wt% randomly oriented single-walled carbon nanotube (SWCNTS) can lead to 63%
decrease in EMI shielding (X-band) and significant reduction in the electrical conductivity
compared with nanocomposites holding small amount of bubble-based voids (less than 2%)
[42]. What is more, creation of moisture throughout the dielectric nanocomposites can lead to
significant decrease in both dielectric constant and dielectric loss [46]. Absorbed moisture not
only can lead to decrease in the electrical performance but also can deteriorate the reliability of
the dielectric materials [47]. Thus, removal of moisture and bubbles from nanocomposites has
high level of importance.

6. Outcomes

Alignment of CNTs within the matrix can lead to obvious anisotropy in different directions.
In this regard, aligned network presented significant enhancement in mechanical and elec-
trical properties for parallel direction compared to perpendicular direction and randomly
distribution of CNTs within the matrix [2—4, 6-8, 13, 20, 35]. Khan et al. [3] achieved remark-
ably low percolation threshold and significant improvement in mechanical properties of
nanocomposites containing aligned MWCNTs. In this case, low percolation threshold of
0.0031 vol% was obtained for parallel direction of CNT alignment, which is one order higher
than 0.034 vol% corresponding to the randomly oriented CNTs or that measured in transverse
direction of CNT alignment. It is worth noting that the conductivity of developed nanocom-
posites increased by about four orders of magnitude due to increase in CNT weight percentage
from 0.001 to 0.01 wt%, which shows a percolation behavior at even very low weight percent-
age of CNTs. Figure 8(a) shows the effect of CNT alignment on the electrical conductivity of
developed nanocomposites containing aligned MWCNTs. As can be seen, alignment of CNTs
within the matrix can lead to significant enhancement in the electrical conductivity, which
is due to the increase in the interface of CNT bundles that enhanced the contact resistance
[27, 48]. This trend for parallel direction is significantly higher than perpendicular direction and
randomly distributed CNTs. On application of electric field between electrodes, CNTs immedi-
ately align in the direction of electric field to form interconnected bundles even at a very low CNT
content, which can lead to achievement of percolation in the direction of CNT alignment, while
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the similar trend is not occurred for perpendicular direction of CNT alignment at the same con-
tent [3]. Despite CNT content, there are some other effective factors which are also responsible for
the anisotropy in percolation include applied voltage, polymerization time (cure time), applied
temperature, and viscosity of the matrix [8]. Moreover, it should be mentioned that transverse
migration and connection starts once the alignment in the longitudinal direction (parallel direc-
tion) completed. In this case, increase in CNT weight percentage can enhance the rate of trans-
verse direction and thus minimize the differences between parallel and perpendicular directions.
On the other hand, the same as electrical conductivity, alignment of CNTs within the matrix
shows significant improvement in the mechanical properties of nanocomposites include tensile
strength, storage modulus, and quasi-static fracture toughness, which indicating the string rein-
forcing effect of high-modulus CNTs. In this regard, alignment of MWCNTSs within the matrix led
to 40% and 15% improvement in the Young’'s modulus for nanocomposites containing 0.3 wt%
aligned and unaligned MWCNT, respectively. However, it was observed that by further increase
in the CNT concentration beyond 0.3 wt%, overall mechanical properties of developed nano-
composites containing aligned MWCNTs decreased, which is due to the reduction in the degree
of alignment at high CNT concentration. In fact, increase in the CNT concentration can lead to
significant increase in the viscosity of matrix as well as fillers packing, which can lead to higher
resistance and less available free spaces for CNTs in order to move and align in the direction of
electric field. In Figure 8(b—d), effect of CNT alignment on storage modulus, Young’s modulus,
and quasi-static fracture toughness of nanocomposites can be seen [3].

On the other hand, present gaps and pores inside the aligned network due to low-weight per-
centage of CNTs can increase the contact resistance and thus reduce the electrical conductivity
[49, 50]. Alignment of CNTs can lead to significant drop in obtained resistivity for a percola-
tion threshold [51]. Moreover, alignment of CNTs can avoid the entanglement among CNTs
in a certain degree, which can avoid creation of the conductive path [31]. It was also reported
that alignment of CNTs within the matrix can lead increase in the volume resistivity and thus
decrease in the conductivity of matrix [52]. In a work by Gupta et al. [2], they have aligned CNTs
with current-assisted technique, which was led to the formation of shortest, continuous path
for the flow of electrons, and thus formation of a highly anisotropic conductive path. Obtained
results showed that current passage assisted alignment of CNTs can lead to significant 360%
improvement in the conductivity for parallel direction than random distribution. However,
lower conductivity in transverse direction than randomly distributed structure has been seen,
which shows the efficiency of alignment. Despite of that, CNTs are forming a liner path with
minimal distance between the electrodes in order to assisting current directly pass through.
Electric field-induced alignment recorded 28% increase in the conductivity for parallel direction
than randomly distribution, while the transverse direction showed 58% decrease in the electrical
conductivity. In fact, current-induced alignment resulted in creation of continuous channels of
aligned CNT, where CNTs are contacted end to end with each other and formed and uninter-
rupted conductive pathway. In this case, electrons will get direct path of flow, which can lead to
fantastic enhancement in the electrical conductivity.

Zhu et al. [7] reported that alignment of MWCNTs via AC electric field can lead to significant
improvement in the storage modulus and electrical conductivity of developed nanocomposites.
Their obtained results revealed that increase in concentration of MWCNTs as well as their align-
ment can lead significant enhancement in the storage modulus of developed nanocomposites.
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Figure 8. Effect of MWCNT alignment within the epoxy resin on (a) electrical conductivity, (b) storage modulus,
(c) Young’s modulus, and (d) quasi-static fracture toughness of developed nanocomposites [3].
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Figure 9. Effect of MWCNT alignment on (a) storage modulus and (b) electrical conductivity of developed nanocomposites [7].
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Furthermore, nanocomposites containing amine functionalized MWCNTs (a-MWCNT) have
shown higher storage modulus compared to pristine MWCNTs (p-MWCNT), which is due to the
better compatibility and interaction between the matrix and a-MWCNTs. Moreover, measured
storage modulus of aligned CNTs in parallel direction was greater than perpendicular direction
and their randomly distribution within the matrix. On the other hand, nanocomposites contain-
ing p-MWCNT were presented higher electrical conductivity compared to a-MWCNT by about
two orders of magnitude, which could be due to the decrease in length of a-MWCNT during
chemical functionalization and increase in the a-MWCNT resistance. Figure 9(a) and (b) illus-
trated the effect of MWCNT alignment within the epoxy resin on storage modulus and electrical
conductivity, respectively.

7. Conclusions

CNTs presenting extraordinary mechanical, thermal, and electrical properties, which have rein-
forcement of nanocomposites with various kinds of CNT, can lead to significant improvement in
their overall properties. In this case, application of electric field to the suspension containing CNT
at different filler loadings can lead their alignment within the matrix and obvious anisotropy
in different directions. In fact, CNTs act as path for transferring current from negative to posi-
tive electrode. This phenomenon can boost both electrical and mechanical properties of devel-
oped nanocomposites at same filler content. On the other hand, achieved results revealed that
the overall properties of nanocomposites include mechanical and electrical properties are higher
for parallel direction than perpendicular direction and random distribution of CNTs within the
matrix, which is due to the desire of CNTs in formation of longitudinal connections than trans-
verse connections.

Eventually, by alignment of CNTs within the matrix, significant improvement in overall prop-
erties of nanocomposites at same filler loadings compared with randomly distribution can be
achieved, which is very essential for aerospace and aviation industries that encounter with
serious limits in matter of structures” weight.
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