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A novel method for preparing a fully integrated nanotube composite material through the use of
functionalized multi-walled carbon nanotubes (MWNTs) is presented in this study. The functionalization
of MWNTs was performed via plasma treatment; subsequently, maleic anhydride (MA) was grafted
onto the MWNTs (CNTs-MA). Nanotube-reinforced epoxy polymer composites were prepared by first
mixing the CNTs-MA and a diamine curing agent, followed by a further reaction with the epoxy matrix.
In this hybrid nanocomposite system, the CNTs-MA were covalently integrated into the epoxy matrix
and became part of the cross-linked structure rather than just a separate component. Fourier transform
infrared (FT-IR) and high resolution X-ray photoelectron (XPS) spectroscopes were used to characterize
the functional groups on the surface of the MWNTs after the plasma modification. In addition, observations
of scanning electronic microscopy (SEM) and transmission electron microscopy (TEM) images showed
that the functionalized nanotubes, CNTs-MA, had a better dispersion than the unfunctionalized nanotubes,
u-CNTs, on either the composite fracture surfaces or inside the epoxy matrix. Moreover, CNTs-MA/
epoxy nanocomposites presented obvious improvements in mechanical properties and conductivity (from
10-12 to 10-4 S/m) with only a small quantity (0.1-1.0 wt %) of the CNTs-MA addition.

Introduction

Carbon nanotubes (CNTs) have attracted considerable
attention because of their extraordinary properties (high
strength and flexibility, high thermal and electrical conduc-
tivity, and low density), leading them to be used for the
preparation of nanotube-reinforced composites.1,2 Among
polymer composites, high strength epoxy systems are very
important materials for aircraft, space shuttles, electronic
products, as well as numerous other industrial applications.
Nanotube-reinforced epoxy systems hold the promise of
delivering superior composite materials with high strength,
light weight, and multi-functional features. However, the field
that seeks to incorporate CNTs as polymer composite
reinforcements has been beset by a number of crucial
problems. Because of strong intrinsic van der Waals forces,
CNTs tend to hold together as ropes and bundles having very
low solubility in most solvents, which leads to poor disper-
sion when mixed into the polymer matrix. Moreover, the
atomically smooth surface of nanotubes, and lack of inter-
facial bonding, limits load transfer from the polymer matrix
to the nanotubes. Therefore, the ability to disperse the CNTs
homogeneously inside the polymer matrix, as well as the
ability to produce a strong interfacial interaction between
CNTs and polymers, will be key issues in maximizing the
advantage of CNTs reinforcement.

A great deal of research has been carried out to improve
the dispersion of CNTs, as well as to functionalize CNTs to
produce strong chemical bonding to the polymer matrix. This
research has included investigation of methods such as
optimum physical blending3,4 (ultrasonication and high shear
mixing), aid of surfactants,5 in situ polymerization,6-8 and
chemical functionalization.9-12 For Example, Chou et al.3

dispersed MWNTs into epoxy polymer by severe shear
mixing and showed an increase of thermal conductivity of
60% with 5 wt % addition of MWNTs. Gong et al.5 used a
non-ionic surfactant, polyoxyethylene 8-lauryl, as a process-
ing aid for an epoxy/CNTs composite. With 1 wt % CNTs
in the epoxy/CNTs composites, the elastic modulus increased
by over 30% and the glass transition temperature by 25°C.
Carlos et al.6 synthesized PMMA/MWNT composites by in
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situ polymerization. Their results revealed an increase in the
storage modulus from 1561 to 2539 MPa at a temperature
of 40 °C with 1 wt % addition of CNTs. All of the methods
described previously show an improvement in the dispersion
of CNTs inside the polymer matrix to achieve well-dispersed
CNT/composites. However, the previous experimental data
have shown weak interfacial bonding between pristine
nanotubes and polymer matrix and therefore limited load-
transfer ability. The high performance CNT reinforcement
composites can only be obtained by adding large quantities
of CNTs.

An external tensile load can be effectively transferred from
the matrix to the nanotubes only when the CNTs are
functionalized with strong chemical bonding to the matrix.9-12

Numerous methods for chemical functionalization of carbon
nanotubes have already been reported. Zhu et al.9 function-
alized SWNTs by using an acid treatment and subsequent
fluorination. The results showed an enhancement in me-
chanical properties: a 30% increase in modulus and 18%
increase in tensile strength. However, the processes in the
functionalization of CNTs by acid treatment are complex
and difficult to control. Moreover, several research reports13-15

have shown that strong acid modification such as HNO3 and
H2SO4 treatments lead the CNTs to be easily damaged in
the structure of the tube walls and can even cut the length
of the CNTs, which limits further applications as reinforce-
ment composites.

Among these techniques of modifying CNTs, the plasma-
treatment method is important since it has the advantage of
being nonpolluting, which is not negligible for an industrial
fabrication. It has the possibility of scaling up to produce
large quantities necessary for commercial use. Several
methods of plasma modification of the CNTs have been
reported.13-15 For example, Dai et al.16 functionalized CNTs
with an amino-dextran chain via acetaldehyde plasma treat-

ment. Meyyappan et al.17 modified the surface of single-
walled carbon nanotubes by using CF4 microwave plasma.
Charlier et al.18 used rf-plasma treatment to graft oxygen-,
nitrogen-, and fluorine-containing groups on the surface of
the MWNTs. However, to date, using the plasma-modified
carbon nanotubes as nanotube-reinforced nanocomposites has
not been reported yet. Herein, we seek to develop a fully
integrated nanotube-epoxy polymer composite system via
direct treatment by plasma and subsequent functionalization
of the MWNTs by grafting maleic anhydride onto the tube
walls. The MWNTs grafted with maleic anhydride (CNTs-
MA) can readily react with diamine, which acts as a curing
agent for the epoxy matrix. The functionalized CNTs with
amino groups attached enable the nanotubes to become
chemically bonded to the matrix and become an integral part
of the composite. The advantage of the in situ technique is
not only that the process of functionalization can be achieved
in a simple step but also that the MWNTs are preserved
in their original length after the plasma modification,
which allows more extensive applications as reinforcement
materials.

Experimental Procedures

Materials. The MWNTs used in this work were purchased from
the Industrial Technology Research Institute in Taiwan and were
synthesized by ethylene CVD using Al2O3 supported Fe2O3

catalysts.19 The purity is higher than 95%. Before the modification
of plasma treatment, the MWNTs were purified by sonicating in
25 wt % hydrochloric acid for 40 min to remove the catalysts and
then diluting with deionized water by filtration through a 0.1µm
membrane filter (Gelman). After that, the obtained MWNTs were
heated in air for 1.5 h at 600°C to oxidize the amorphous carbon.
Finally, purified MWNTs were obtained by annealing in N2 at 950
°C to remove the oxygen-based functional groups generated from
the thermal treatment. The diameters of the purified MWNTs were
in the range of 10 to∼90 nm. Maleic anhydride (MA) (Aldrich
Co.), diglycidyl ether of bisphenol A (Shell EPON 828, MW)
377), and curing agentN,N′-bis(2-aminopropyl) polypropylene
glycol (Aldrich Co., MW ) 400) were used as received.
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Scheme 1. Overall Procedure for Preparation of CNTs-MA/Epoxy Nanocomposites
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Preparation of MWNTs Grafted Maleic Anhydride (CNTs-
MA) by Plasma Treatment. The plasma treatment was carried
out in a parallel plane electrode reactor, and the volume of the
stainless steel vacuum chamber was about 6× 103 cm3. The
electrodes were made of circular Cu plates (diameter) 5 cm) that
were separated at a distance of 3 cm. The MWNTs were spread
regularly on the chamber and exposed to plasma treatment for 5
min. Prior to starting up the plasma reaction, the pressure was
reduced to 10-6 Torr in the reactor. Then, pure Ar gas was
introduced into the reactor via a leak valve at a flow rate of 20
mL/min, and the vacuum pressure of the plasma reactor was
controlled precisely at 0.1 Torr by using the throttle valve. The
electrical power of the plasma was supplied by an RF-power
generator operating at 50 W and at 13.56 MHz. Details about the
plasma modification follow the procedure established in our
previous studies.20-22 After the plasma treatment, a large number
of radicals were generated on the surface of the MWNTs, and the
maleic anhydride (MA) with a concentration of 0.1 M dissolved in
toluene was injected into the reactor to graft onto the MWNTs at
50 °C for 3 h. After the grafting polymerization, the MWNTs
grafted maleic anhydride, CNTs-MA, was washed by toluene 3
times and subsequently separated by centrifuging. The sediments
were dried in a vacuum oven at 70°C overnight to remove the
solvent. The resulting products obtained were the functionalized
MWNTs, CNTs-MA.

Preparation of the CNTs-MA/Epoxy Nanocomposites.The
pristine epoxy resin was prepared by mixing EPON 828 with a
diamine curing agent at 70°C for 30 min, outgassing the mixture
in a vacuum oven for 2 h, and curing by a thermal schedule (80°C
for 2 h, 120°C for 2 h, and 140°C for 4 h). For the preparation of
the CNTs-MA/epoxy nanocomposites, first CNTs-MA were added
into the diamine curing agent, and the mixture was shear mixed
for 2 h and sonicated for another 15 min. Subsequently, Epon 828
resin was added and further shear mixed with the CNTs-MA/
diamine mixture at 80°C for 30 min. Finally, the resulting mixture
was outgassed in a vacuum oven for 2 h and then cast into an
aluminum mold. The curing cycle of CNTs-MA/epoxy nanocom-
posites is the same as that of the pristine epoxy. Scheme 1 illustrates
the procedure of functionalization of the MWNTs and subsequent
preparation of the CNTs-MA/epoxy nanocomposites.

Identification. Fourier transform infrared (FT--IR) spectra were
recorded with a Bio-Rad FTS-40A FT--IR analyzer, which

operated from 700 to 4000 cm-1 at room temperature. Spectra were
obtained using a resolution of 4 cm-1 and were averaged over 16
scans. Before the IR measurement, MWNTs were ground thor-
oughly with potassium bromide (KBr) at approximately 3%, and
the resulting powder was pressed into a transparent pellet. Hitachi
S4200 field emission scanning electron microscopy (SEM) was used
to observe the fractured surface of CNTs/epoxy nanocomposites
with different CNT contents. Transmission electron microscope
samples of the cross-section images were cut into slices of 60 nm
thickness using a Leica UCT Microtome with a diamond knife.
Samples were collected on the hexagonal 300 mesh copper grids.
For TEM measurements of the funtionalized nanotubes, CNTs-MA
were suspended in toluene solution and were drop cast onto a
carbon-coated copper grid followed by solvent evaporation in air
at room temperature. All of the TEM images were obtained using
Hitachi HF-2000 field emission transmission electron microscopy
(TEM) at an acceleration voltage of 200 kV. Tensile testing on
samples was performed using an Instron-4464 Universal Tester at
a strain rate of 5 mm/min with a dog-bone shape. To ensure data
accuracy and repeatability, the results for five samples from different
batches were averaged. X-ray photoemission spectrometry (XPS)
was performed using an ESCA PHI 1600 machine equipped with
a base pressure of 5× 10-10 Torr. The monochromated Mg KR
X-radiation was used as the excitation source, and the instrument
resolution was∼0.7 eV. XPS samples were prepared by placing
the MWNTs on carbon conductive tape on the sample holder. The
Au4f7/2 peak (84.0 eV) was used for calibration. Thermogravimetric
analyses (TGA) were performed using a Perkin-Elmer TAC 7/ DX
analyzer. Samples were heated from room temperature to 800°C
at a heating rate of 20°C/min under nitrogen purge. Thermal
analysis of the CNTs/epoxy nanocomposites was carried out in a
Dupont DSC 2910 differential scanning calorimeter with a heating
rate of 20°C/min and a temperature range of-40 to 100°C.
Impedance analysis was recorded by using Autolab PGSTAT 30
equipment (Eco Chemie B.V.) with Frequency Response Analysis
(FRA) system software under an oscillation potential of 10 mV
from 100 kHz at room temperature. The conductivity (σ) was
calculated from the complex impedance (Z*) according toσ(ν) )
[1/Z*(ν)]t/A, wheret is the sample thickness andA is the cross-
section area. The results of the electrical conductivity were averaged
by five different samples.

Results and Discussion

Preparation of the CNTs-MA by Plasma Modification.
Figure 1 is the TEM image of the functionalized MWNTs,
CNTs-MA, after plasma-induced grafting polymerization.
The image shows that the CNTs-MA, instead of showing
crowded bundles, have a less tangled organization, which
demonstrates that the grafted MA molecule efficiently
promotes the dispersal of the MWNTs. Moreover, the CNTs-
MA are still kept in their original length after plasma
modification, which is different from the results obtained
by chemical acid modification such as HNO3 and H2SO4

treatments.9-12
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Figure 1. TEM image of the funtionalized nanotubes, CNTs-MA.

Table 1. Atomic Concentration and Grafting Percentage of MA
Determined from XPS Experiment Data

atomic concentration (%)

sample C 1s O 1s
MA grafting

percentage (wt %)

u-CNTs 97.8 2.2
CNTs-MA 95.4 4.6 6.4
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In addition, XPS was utilized to individually elucidate the
compositions of the u-CNTs and CNTs-MA. In each case,
an initial broad scan was performed (1100-0 eV) to establish
the gross elemental composition of the surface of the sample.
Both the u-CNTs and the CNTs-MA show distinct carbon
(C 1s, C KLL) and oxygen (O 1s, O KLL) peaks, thus
presenting the major constituents of the sample surface.
However, after the grafting of the MA unit, CNTs-MA have
a slight increase in the O 1s peak as compared with the
u-CNTs. The atomic concentrations obtained by XPS analysis
reveal that the concentration of O 1s increased from 2.2 to
4.6 after the grafting of the MA unit. In addition, the MA
grafting percentage was 6.4 wt %, which is estimated by
the increasing amount of the O component. The experimental
data are shown in Table 1.

Furthermore, detailed analysis of the XPS spectra provides
clear evidence that the MWNTs have been chemically
modified. As seen in Figure 2a, the carbon C 1s peak,
observed at 284.3-285.5 eV, is interpreted as the combina-
tion of the sp2 CdC and sp3 C-C structures of the u-CNTs.
After the plasma modification, CNTs-MA, the shoulder of
the main peak is composed of two peaks, located at 286.2
and 287.1 eV, which originated from the-C-O and-s

CdO structures, respectively,23-25 as depicted in Figure 2b.
This graph provides evidence that the MWNTs have been
functionalized by MA.

Preparation of the CNTs-MA/Epoxy Nanocomposites.
In the composite fabrication process, the functionalized
MWNTs, CNTs-MA, first reacted with the diamine and
further chemically bonded with the epoxy via an amidation
reaction. The amino groups attached to CNTs-MA can
function as curing agents, which leads to the formation of a
highly cross-linked structure by covalent bonds between the
CNTs and the epoxy matrix. Figure 3 presents the photo-
graphs of the CNT/epoxy nanocomposites with various
quantities of CNT content. Both the u-CNT/epoxy and the
CNTs-MA/epoxy nanocomposites become more black and
opaque with the increase of CNT loading. However, the
CNTs-MA/epoxy nanocomposite with 0.1 wt % is translu-
cent, as compared with the totally opaque u-CNT/epoxy
nanocomposite. The result reveals that the functionalized
CNTs-MA dispersed on the nanoscale and is more compat-
ible with the epoxy matrix, leading to optical transparence
at low CNTs-MA contents. In contrast, all the u-CNTs/epoxy
nanocomposites are opaque, due to weak chemical bonding
between the u-CNTs and the epoxy matrix, as well as the
fact that they are easily aggregated inside the epoxy matrix.
Moreover, as the content of the u-CNTs increases to 1.0 wt
%, the composite has an obviously rough morphology
because of large aggregations of the u-CNTs formed inside
the epoxy matrix.

The SEM images of the composite fracture surfaces show
the dispersion of the CNTs in the epoxy matrix. The fracture
surfaces of the epoxy composites loaded with the unfunc-
tionalized CNTs, u-CNTs, show nonuniform dispersion and
the tendency for the nanotubes to entangle as agglomerates.
The phenomenon of agglomeration becomes more pro-
nounced as the loading of the u-CNTs increases (Figure 4a-
e). Besides, most of the u-CNTs show sliding and pulling
out at the surface, suggesting a limitation of load transfer.
By comparison, the CNT-MA system shows good homoge-
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Figure 2. XPS core level spectra of C 1s of (a) u-CNTs and (b) CNTs-MA.

Figure 3. Photographs of CNTs/epoxy nanocomposites with various
quantities of CNT content: (a) 0 wt %, (b) 0.1 wt %, and (c) 0.3 wt %.
The upper row is the u-CNTs/epoxy nanocomposite, and the lower row is
the CNTs-MA/epoxy nanocomposite.
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neity and dispersion on the fracture surface. A number of
bundles is found to have broken rather than just having pulled
out of the surface, demonstrating that strong interfacial
bonding exists between the epoxy matrix and the function-
alized nanotubes. As the loading of the CNTs-MA increases,
good dispersion is still achieved, and most of the CNTs-
MA are embedded and tightly held to the matrix (Figure
5a-e). The same results can be obviously observed in TEM
images of a cross-section of the CNT/epoxy nanocomposites
(see the Supporting Information).

Tensile Properties of the CNTs/Epoxy Nanocomposites.
Figure 6 shows the effect of the CNT content on the
mechanical properties, including tensile strength (Figure 6a),
elongation-at-break (Figure 6b), and tensile modulus (Figure
6c), according to all of the CNTs/epoxy nanocomposites.
For the CNTs-MA system, the tensile strength increases with
the CNTs-MA content: the presence of the strong chemical
bonding formed by the reaction between the CNTs-MA and
the epoxy molecules results in good compatibility between
these two phases. The average tensile strength is 50% higher
than pristine EPOn 828 epoxy with the addition of 1.0 wt %
CNTs-MA. For the u-CNT/epoxy nanocomposites of 0.1 wt
%, the tensile strength only slightly increases. As the loading
of the u-CNTs goes beyond 0.1 wt %, the system shows a
decrease in tensile strength due to defects that are caused
by the aggregation of the u-CNTs in the epoxy matrix.

Conceptually, inorganic/organic composites are often
expected to become stiff and more brittle upon incorporation
of inorganic fillers. However, carbon nanotubes present a
particular form of reinforcing fiber, with a high aspect ratio
and highly flexible elastic behavior during loading, which
are very different from micrometer-sized fibers. Attractively,
through the introduction of the CNTs-MA into the epoxy
matrix, because of strong chemical bonds, the elasticity of
the nanocomposites is affected, increasing the strain-at-break
along with the CNTs-MA content until 0.7 wt %. The
plasma-modified nanotubes exhibited an increase of ultimate
elongation up to 43%, which is a 380% increase as compared
to the relatively brittle pristine epoxy matrix. The improve-
ment in elasticity in the case of the compatible CNTs-MA/
epoxy nanocomposites can be attributed to the load transfer
from the epoxy matrix to CNTs-MA reinforcement via strong
chemical bonding, thereby increasing elongation in the epoxy
polymer. As the loading of the CNTs-MA increases to 1.0
wt %, the result for elongation-at-break is lower than that
of the 0.7 wt % but is still higher than the pristine epoxy
resin. The reason may result from the existence of the defects
arising from the aggregation of high amounts of the CNTs-
MA addition. For the u-CNTs system, the elongation-at-break
increases at the low CNT content of 0.1 wt % and starts to
decrease as the addition of u-CNTs is more than 0.1 wt %,

Figure 4. SEM images of fractured surface of the u-CNTs/epoxy nanocomposite loaded with different CNT contents: (a) 0.1 wt %, (b) 0.3 wt %, (c) 0.5
wt %, (d) 0.7 wt %, and (e) 1.0 wt %.
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due to the lack of a strong affinity between the u-CNTs and
the epoxy matrix.

The tensile modulus in these two systems increases with
the loading of the CNTs (Figure 6c); however, the CNTs-
MA system is superior to the u-CNT system in terms of
tensile modulus. The tensile modulus shows more than 100%
improvement at just 1.0 wt % loading of the CNTs-MA, as
compared to a 42% increase for the u-CNTs. The result
shows that the tensile modulus obtained using the CNTs-
MA is higher than that of the u-CNTs and can be attributed
to the fact that the functionalized nanotubes have better
dispersion inside the epoxy matrix, leading to greater surface
areas, which in turn provide more interactions between the
CNTs-MA and the epoxy matrix. Moreover, the CNTs-MA
with amino groups attached are expected to form a highly
cross-linked structure, increasing the stiffness of the epoxy
matrix as the CNTs-MA content increases. In summary,
higher tensile moduli are obtained in the chemically bonded
and compatible CNTs-MA/epoxy nanocomposites.

Thermal Properties of the CNTs/Epoxy Nanocompos-
ites. Figure 7a presents the effect of CNT content on the
thermal decomposition temperature (Td) at 5 wt % weight
loss, revealing that the addition of the CNTs increasesTd

for the CNTs/epoxy nanocomposites. Additionally, the
enhancement of the thermal stability of the CNTs-MA system
is more marked than that of the u-CNTs system. The CNTs-

MA, which have strong chemical bonding and are more
compatible with the epoxy matrix, can be inferred to act as
gas barriers that prevent the permeation of volatile gas out
of the nanocomposites during thermal decomposition. Fur-
thermore, the strong bonding interactions between CNTs-
MA and epoxy matrix lead to the restriction of the thermal
motion of the epoxy molecules, causing these CNTs-MA/
epoxy nanocomposites to have a better thermal stability than
the pristine epoxy resin. By contrast, the u-CNTs system
shows a slight increase in the decomposition temperature
(from 368 to 378°C), as compared with the CNTs-MA
system (from 368 to 389°C), due to the existence of only
weak interactions and poor dispersion inside the epoxy
matrix. As a result, the small increase of the decomposition
temperature in the u-CNTs system may derive from the
incorporation of the inorganic u-CNTs inside the epoxy
matrix.

Figure 7b shows the effect of CNT content onTg for all
of the CNT/epoxy nanocomposites. TheTg increases with
the CNT content for both of the CNT/epoxy nanocomposites.
However, the increase in the value ofTg in the CNTs-MA
system is greater than that in the u-CNTs system. The
functionalized nanotubes have strong interactions between
the CNTs-MA and the epoxy matrix; via the amino groups
that provide the chemical bonding between these two phases,
reducing the mobility of main chains of the epoxy molecules.

Figure 5. SEM images of fractured surface of the CNTs-MA/epoxy nanocomposites loaded with different CNT contents: (a) 0.1 wt %, (b) 0.3 wt %, (c)
0.5 wt %, (d) 0.7 wt %, and (e) 1.0 wt %.
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Hence, theTg of the CNTs-MA/epoxy system increases much
more markedly as compared with the u-CNTs/epoxy system.
In summary, the plasma-modified CNTs-MA system is more
thermally stable than the u-CNT system or the pristine epoxy
resin.

Electrical Properties of the CNTs/Epoxy Nanocompos-
ites.Figure 8 is the comparative plot of the AC conductivity

of the CNTs/epoxy nanocomposites as a function of the CNT
content. It shows that conductivity increases with CNT
content for both types of system. However, the CNTs-MA/
epoxy system shows a lower percolation threshold (around

Figure 6. Effect of the CNT content on the (a) tensile strengths, (b)
elongation-at-breaks, and (c) tensile moduli of the CNTs/epoxy nanocom-
posites.

Figure 7. Effect of CNT content on the (a)Td at 5 wt % weight loss and
(b) Tg. The upper curve is the CNTs-MA/epoxy nanocomposite, and the
lower curve is the u-CNTs/epoxy nanocomposite.

Figure 8. Comparative plot of the AC conductivity of the CNTs/epoxy
nanocomposite as a function of the CNT content.
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0.1 to∼0.2 wt %) than the u-CNTs/epoxy system (around
0.5 to ∼0.6 wt %). The reason may be explained as
follows: the well-dispersed CNTs-MA inside the epoxy
matrix can easily contact each other and therefore reduce
the amount of CNTs needed to construct a conductive
pathway. Moreover, with the increase of CNT loading, the
CNTs-MA/epoxy system can achieve a conductivity of 2.6
× 10-4 S/m with 1.0 wt % addiction, which is 2 orders higher
than the u-CNTs/epoxy systems (3.5× 10-6 S/m).

A crucial parameter for the production of the conductive
epoxy nanocomposites is the control of the degree of the
grafting on the tube walls. The degree of grafting should
not be too high, to avoid significantly disturbing the
π-electron system of the tube walls, or even insulating the
CNTs from the epoxy matrix. However, it should be suffi-
cient to provide good compatibility between the CNTs and
the epoxy matrix.14 In this study, from XPS results, the per-
centage of the maleic anhydride grafted onto the tube walls
is 6.4 wt %, which was controlled according to our designat-
ed value to obtain superior mechanical and electrical epoxy
nanocomposites. The advantage of the plasma-induced graf-
ting polymerization is that not only the degree of grafting on
the CNTs can be controlled by altering plasma-treatment con-
ditions but also that this method can be extended to other poly-
mer systems to obtain various CNT/polymer nanocomposites.

Conclusion

The MA molecule was successfully grafted onto the
MWNTs via a plasma-induced method, forming function-

alized nanotubes, CNTs-MA. The functionalized nanotubes
can be incorporated into the epoxy composites through the
formation of strong covalent bonding in the course of epoxy
curing reactions and, as a result, become an integral structural
component of the cross-linked epoxy system. The results
obtained show that the CNTs-MA/epoxy nanocomposites had
a good dispersion of nanotubes inside the epoxy matrix, as
well as an improvement in mechanical properties. Moreover,
the CNTs-MA/epoxy nanocomposites not only demonstrated
superior mechanical properties but also functioned as con-
ductive nanocomposites for the purpose of electrostatic
discharge and electromagnetic-radio interference protection
materials. Therefore, the method for developing fully inte-
grated nanotube-epoxy composites by plasma-induced
grafting polymerization can be extended to other polymer
systems and provide a variety of hybrid materials.
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