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Abstract

The influence of chemical functionalization on the interfacial bonding characteristics of single-walled nanotubes (SWNTs) reinforced poly-
mer composites was investigated using molecular mechanics and molecular dynamics simulations. The simulations show that functionalization
of nanotubes at low densities of functionalized carbon atoms drastically increases their interfacial bonding and shear stress between the nano-
tubes and the polymer matrix, where chemisorption to as little as 5.0% of the nanotube carbon atoms increases the shear stress by about 1000%.
This indicates that increasing the load transfer between SWNTSs and a polymer matrix in a composite via chemisorption may be an effective way
and chemical attachment of nanotubes during processing may be in part responsible for the enhanced stress transfer observed in some systems of
the nanotube—polymer composites. Furthermore, this suggests the possibility to use functionalized nanotubes to effectively reinforce other kinds

of polymer-based materials as well.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of carbon nanotubes (CNTs) by lijima
in 1991 [1], CNTs have attracted great research interest due to
their unique properties such as high electrical and thermal con-
ductivity, excellent stiffness against bending, and high tensile
strength [2]. Using CNTs as nanofibers to enhance the me-
chanical [3—10], electrical [11—14], thermal [15—17], and
optical [18] properties of composite materials has been pur-
sued extensively both in experimental and theoretical studies.
Recently, experiments have shown remarkable enhancements
in elastic modulus and strength of polymer composites with
an addition of small amounts of CNTs [19—22]. Despite these
first successes, some critical issues, such as the uniform dis-
persion and alignment of the nanotubes within the polymer
matrix, must be overcome before the full potential of CNTs
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can be realized. Another most significant challenging issue
is the interfacial bonding between the nanotubes and the poly-
mer matrix, which determines the efficiency of load transfer
from the polymer matrix to the nanotubes [23]. It is well estab-
lished, from the research on microfiber-reinforced composites
over the past few decades, that the structure and properties of
the fiber—matrix interface play a major role in determining
mechanical performance and structural integrity of composite
materials. In order to take advantage of the very high Young’s
modulus and strength of CNTs, an efficient load transfer from
the polymer matrix to the nanotubes is required. Due to high
aspect ratio of the CNTs, large areas are available for load
transfer in CNT—polymer composites, which are unlike con-
ventional fiber-reinforced polymer composites. However, due
to their unique electrical and structural properties, CNTs
tend not to bond strongly with their host matrix. As a result,
the potential increases and improvements in the mechanical
properties of a nanotube-reinforced composite are limited by
the degree of interfacial stress transfer that can be achieved.
One possible way to improve the interfacial bonding between
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CNTs and a supported matrix is by chemically functionalizing
the CNTs into the matrix, such as chemical attachment or
cross-linking of CNTs with polymeric matrix. However, due
to difficulties in devising experiments to study the CNT—poly-
mer interface, molecular mechanics (MM) and molecular dy-
namics (MD) simulations have become increasingly popular in
the investigations of reinforcement mechanisms in CNT—
polymer composite systems [24]. Many groups have investi-
gated the interfaces in CNT-reinforced polymer composites
using MM and MD simulations.

The MM study of interfacial binding of CNT—polymer
composites was first conducted by Lordi and Yao [25].
Force-field-based MM calculations were performed to deter-
mine binding energies and sliding frictional stresses to under-
stand the factors governing interfacial adhesion. The results
showed that the binding energies and frictional forces played
only a minor role in determining the strength of the interface,
but the helical polymer conformations were essential. It was
suggested that the strength of the interface may be mostly
due to molecular-level entanglement of the two phases and
forced long-range ordering of the polymer. Liao and Li [26]
have studied the interfacial characteristics of a CNT-reinforced
polystyrene (PS) composite system through MM simulations
and elasticity calculations. They found that the fiber—matrix
adhesion comes from electrostatic interaction, van der Waals
interaction, mismatch in the coefficients of thermal expansion
and radial deformation induced by atomic interactions. Frank-
land et al. [27] have investigated the influence of chemical
cross-links between a single-walled nanotube (SWNT) and
a polymer matrix on the matrix-nanotube shear strength using
MD simulations. The results suggested that load transfer and
modulus of nanotube—polymer composites could be effec-
tively increased by deliberately adding chemical cross-linking
and inadvertent chemical bonding between nanotubes and
polymer matrices during processing that may be in part re-
sponsible for the enhanced stress transfer observed in some
systems of this type. Wong et al. [28] have studied local frac-
ture morphologies of CNT—PS rod and CNT—epoxy film
composites. Transmission and scanning electron microscopy
examinations showed that these polymers adhered well to
CNT at the nanometer scale. Some of the important interfacial
characteristics that critically control the performance of a com-
posite material were quantified through MM simulations and
elasticity calculations. Multi-walled CNT morphology-related
mechanical interlocking at nanometer scale, thermal residual
stresses, as well as relatively cavity free surface for polymer
adsorption were also believed to be the contributing factors.
Gou et al. [23] investigated the interfacial bonding of
SWNT-reinforced epoxy composites using a combination of
computational and experimental methods. The interfacial
shear strength between the nanotube and the cured epoxy resin
was calculated to be up to 75 MPa, indicating that there could
be an effective stress transfer from the epoxy resin to the nano-
tube. The following experimental results provided evidence of
stress transfer in agreement with the simulation results. Yang
et al. [29] have studied the interaction between polymers
and CNTs using force-field-based MD simulation. They found

that the specific monomer structure plays a very important role
in determining the strength of interaction between nanotubes
and polymers. The polymers with a backbone containing aro-
matic rings were promising candidates for the non-covalent
binding of CNTs into composite structures, which could be
used as building blocks in amphiphilic copolymers to promote
increased interfacial binding between the CNT and the poly-
meric matrix. Wei [30] has studied temperature dependent
adhesion behavior and reinforcement in CNT—polymer com-
posite. They found that the interfacial shear stress through
van der Waals interactions increases linearly with applied ten-
sile strains along the nanotube axis direction and a lower
bound value for the shear strength is found to be ~46 MPa
at low temperatures. Direct stress—strain calculations showed
significant reinforcements in the composite in a wide temper-
ature range, with ~200% increase in the Young’s modulus
when adding 6.5% volume ratio of short CNTs.

While chemically cross-linking or molecular entanglement
method to strengthen the interface has been conducted
[25,27], studies involving the influence of chemical attachment
on interfacial properties of CNTs have not been reported. This
report was about finding a viable way to get SWNT to go into
the polymer matrix to act as reinforcement. The difficulties in-
volved in doing this arise mostly from the fact that CNTs cannot
interact well with other materials. The method pursued here for
making the SWNTs capable of effectively interacting with the
polymer was based on the covalent attachment of functional
groups to the surface of SWNTs. By taking advantage of these
functional groups, which could act as an effective interfacial
bridge between the SWNTs and the polymeric matrix, an effec-
tive load transfer could be achieved between the SWNTs and the
polymer matrix. In this study, the influence of chemical func-
tionalization on the interfacial bonding between the SWNTs
and polymer was investigated using MM and MD simulations.

2. Experimental
2.1. Computational method

In the CNT—polymer composite systems, the dimension of
the nanotube is about the same size as a polymer chain and
hence the discrete nature of the atomic interactions between
the nanotubes and surrounding polymer matrix should be
taken into account. In other words, the nature of the load trans-
fer should be understood using physical based analysis, where
MM and MD simulations will be the most important tools
[31]. In this work, MM and MD simulations were conducted
to explore the interfacial bonding characteristics between the
SWNTs and the polymer, through which we could get useful
information for the development of nanotube-based polymeric
composites. Here, MM and MD simulations were carried out
using a commercial software package called Materials Studio
developed by Accelrys Inc. The condensed phase optimization
molecular potentials for atomistic simulation studies (COM-
PASS) module in the Materials Studio software was used to
conduct force-field computations. The COMPASS is a parame-
terized, tested and validated first ab initio force field [32,33],
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which enables an accurate prediction of various gas-phase and
condensed phase properties of most of the common organic
and inorganic materials [34—36].

2.2. Force field

The application of quantum mechanical techniques can ac-
curately simulate a system of interacting particles, but such
techniques often cost too much time and are usually feasible
only in systems containing up to few hundreds of interacting
particles. As we know, the main goal of simulations of the
systems containing a large number of particles is generally to
obtain the systems’ bulk properties which are primarily con-
trolled by the location of atomic nuclei, so the knowledge of
the electronic structure, provided by the quantum mechanic
techniques, is not critical. Thus, we could have a good insight
into the behavior of a system if a reasonable, physically-based
approximation of the potential (force field) can be obtained,
which can be used to generate a set of system configurations
which are statistically consistent with a fully quantum mechan-
ical description. As stated above, a crucial point in the atomistic
simulations of multi-particle systems is the choice of the force
fields, a brief overview of which is given in this section.

In general, the total potential energy of a molecular system
includes the following terms [37]:

Etotal - Evalence + Ecross-term + Enon—bond (1)

Evalence = Ebond + Eangle + Etorsion + Eoop + EUB (2)

Ecross-term = Ebondfbond + Eanglefangle + Ebondfangle

+Eend-bond—torsion + Emiddle-bond—torsion
+Eangle—t0rsinn + Eangle—angle—torsion (3)

Enon-bond = EvdW + ECoulomb + EH-bond (4)

The valence energy, Eyaences generally includes a bond
stretching term, Eyong, a two-bond angle term, Eypge, a dihedral
bond-torsion term, Eiyion, an inversion (or an out-of-plane
interaction) term, E,p, and a Urey—Bradlay term (involves in-
teractions between two atoms bonded to a common atom),
Eyg. The cross-term interacting energy, Ecoss-term, generally
includes: stretch—stretch interactions between two adjacent
bonds, FEpond—bonds bend—bend interactions between two
valence angles associated with a common vertex atom,
Eangle—angles Stretch—bend interactions between a two-bond
angle and one of its bonds, Eyong—angle> Stretch—torsion inter-
actions between a dihedral angle and one of its end bonds,
Ecnd-bond—torsion, Stretch—torsion interactions between a dihe-
dral angle and its middle bond, E,iqdie-bond—torsion, D€ENd—tOr-
sion interactions between a dihedral angle and one of its
valence angles, E,ng1e—torsion, and bend—bend—torsion interac-
tions between a dihedral angle and its two valence angles,
Eingle—angle—torsion- ~ 1he  non-bonded interaction term,
E on-bonded> accounts for the interactions between non-bonded
atoms and includes the van der Waals energy, E,qw, the

Coulomb electrostatic energy, Ecoulomb, and the hydrogen
bond energy, Ey_pona-

The COMPASS force field uses different expressions for
various components of the potential energy as follows [34,35]:

E.aience :Z [KZ(b - b())2 + K5 (b — b0)3 + K4(b — b0)4]
+ [Ha(0— 00)° + Hs(0 — 6)° + Ha(6 — 60)"]
+ Vil —cos(é = #)] + Vo[l — cos(2¢ — )]
¢

+V3[1—cos (3¢ — ¢9)]] + ZKxXZ + Eus (5)
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Enon—bond - Z [ng - r_(,j + Z ?ﬁj + EH-bond (7)
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where g is the atomic charge, ¢ is the dielectric constant, and r;;
is the i—j atomic separation distance. b and b’ are the lengths of
two adjacent bonds, @ is the two-bond angle, ¢ is the dihedral
torsion angle, and x is the out-of-plane angle. by, k;(i =2 — 4),
0o, H(i=2—4), ¢?(i =1-3),Vi=1-=23), Foy, by, Fog, 0,
th, F},¢, Fb/g, F,(l: 1- 3), F9¢, K(/)gg/, A[j, and B,’j are fitted
from quantum mechanics calculations and are implemented
into the Discover module of Materials Studio [38], a powerful
commercial atomic simulation program used in this paper.

2.3. Molecular model

Poly(methyl methacrylate) (PMMA) and polyethylene (PE)
are well-known polymers used in a variety of engineering
areas. Therefore, PMMA and PE, with 10 repeating units in
each chain, are chosen as matrices in the study, which are
also due to their simplicity and generic representation feature
for polymer materials. The molecular model of PMMA and PE
are shown in Fig. 1. (10, 10) SWNTSs, which have diameters of
13.56 A and lengths of 59.03 A are selected for the
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b

Fig. 1. Molecular model of PMMA and PE.

simulations of the SWNT—PMMA composites except special
conditions. The unsaturated boundary effect was avoided by
adding hydrogen atoms at the ends of the SWNTs. Each C—
C bond length was 1.42 A and C—H bond length was
1.14 A. The hydrogen atoms had charges of +0.1268 e and
the carbon atoms connecting hydrogen atoms had charges of
—0.1268 e, thus the neutrally charged SWNTs were
constructed.

The literature supplies numerous examples of addition reac-
tions on nanotube surfaces [39]. Ying et al. [40] reported the
grafting of aromatic rings on the side walls of SWNTs. In the
present work, we used phenyl groups to functionalize the nano-
tube surface due to its simplicity and generic representation for
the functionalization of CNTs. As we know, the dispersion de-
gree of the SWNTSs in the PMMA matrix can affect the interfa-
cial bonding characteristics between the SWNTs and the
PMMA matrix. However, if we consider the dispersion degree
of the SWNTs, the computational system would be so large
that it would cost too long a time for the simulation. Also, since
the main goal of our research is to investigate the interfacial
bonding characteristics between the SWNTs and the PMMA
matrix, the SWNTs were assumed to be well dispersed in the
PMMA matrix and the simulation results would be useful for
the production of SWNTs-reinforced polymer composites as
well. The composites, reinforced by pristine SWNT and the
SWNTSs on which 0.5%, 2.5%, 5%, 7.5%, or 10% of the carbon
atoms had a bonded phenyl group, were simulated using MM
and MD simulations. The chemical functionalization of the
SWNTs has been performed by attaching functional groups to
the surface of the CNTs through chemical covalent bonding
and the functional groups were randomly end-grafted to the sur-
face of the SWNTs. Fig. 2 shows the nanotube on which 2.5% of
the atoms were attached by phenyl groups (the left panel) and the
associated change in geometry of the atoms to which the phenyl
groups are bonded (the right panel). The bonded nanotube atoms

are “‘raised” away from the nanotube axes and the value of the
strong covalent binding energy is 3.03 eV [41].

3. Results and discussion

The bonding strength between the SWNTs and the poly-
mers can be evaluated by interfacial energy in the composites.
Generally, the interaction energy is estimated from the differ-
ence between the potential energy of the composites system
and the potential energy for the polymer molecules and the
corresponding SWNTs as follows:

AE = Eiga — (ESWNT + Epolymer) (8)

where E is the total potential energy of the composite,
Eswnt 1s the energy of the nanotube without the polymer,
and E,oiymer 18 the energy of the polymer without the nano-
tube. In the other words, the interaction energy can be calcu-
lated as the difference between the minimum energy and the
energy at an infinite separation of the nanotube and the poly-
mer matrix [23,24,31]. The total interaction energy, AE, is
twice the interfacial bonding energy vy scaled by the contact
area A [25].

_AE

-0 ©)

Y
The magnitude of interfacial shear stress from the polymer
matrix to the nanotubes is known to strongly influence the
mechanical properties of nanotube composites. The pullout
simulations were performed to characterize the interfacial
shear stress of the composites. The pullout energy, Epuiiout
is defined as the energy difference between the fully embed-
ded nanotube and the complete pullout configuration

[26]. The pullout energy is divided into three terms as follows
[23]:

Fig. 2. Illustration of a (10, 10) SWNT with phenyl groups randomly chemisorbed to 2.5% of the carbon atoms.
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Epuion = E> — E,
= (AEz + Eswnr2 + Epolymerz) - (AEl + Eswnri
+ Epolymert )
= (AE, — AE;) + (Eswnt2 — Eswntt) + (Epolymer2
- Epupna) (10

where E, and E,; are the potential energy of the composite af-
ter and before the pullout simulation, respectively, Eswnt and
Epolymer are the potential energy of the nanotube and the poly-
mer, respectively, and AFE is the interaction energy between
the nanotube and the polymer. The pullout energy can be
related to the interfacial shear stress, 7;, by the following
relation:

x=L
Epution = / 270r(L — x)7idx = morrL? (11)

x=0

Epullout
TrL? (12)

where r and L are the outer radius and length of the SWNT,
respectively, and x is the coordinate along the longitudinal
tube axis [26].

In the simulations, each of the composite systems was
composed of a fragment of SWNT totally embedded inside
the amorphous polymer matrix. A model of the composite
system embedded by the pristine SWNT, which consisted
of a supercell in the range of 57 A x 57 A x 62 A, is shown
in Fig. 3. For SWNT—PMMA system, each of the configura-
tions was initiated by randomly generating 112 PMMA
molecular chains surrounding the SWNT using an initial

Fig. 3. Cross-section view of SWNT—PMMA system before simulation.

density of 1.2 g/cm®. For SWNT—PE system, each of the
configurations was initiated by randomly generating 247
PE molecular chains surrounding the SWNT using an initial
density of 0.9 g/cm®. The models were put into an NPT en-
semble simulation with a pressure of 10 atm and a tempera-
ture of 300 K for 10 ps at a time step of 1 fs while holding
the nanotube rigid. The purpose of this step was to slowly
compress the structure of the matrix polymers to generate
initial amorphous matrix with the correct density and low re-
sidual stress. The matrix polymers were then put into an
NVT ensemble simulation and equilibrated for 20 ps with
a time step of 0.2 fs with rigid nanotubes. After that, the
composite systems were further equilibrated for 40 ps at
a time step of 2fs with non-rigid nanotubes to create
a zero initial stress state using NVT ensembles. The energy
of the composite systems was minimized to achieve the
strongest bonding between the nanotubes and the polymer
as shown in Figs. 4 and 5 [23,31]. Finally, the interfacial
bonding energy and interfacial shear stress were calculated
through pullout simulations.

3.1. Interfacial bonding for pristine SWNT

The pullout simulations of the SWNT were performed in
order to characterize the interfacial shear strength of the
composites. The SWNT was pulled out of the polymer matrix
along the nanotube axis direction. Fig. 6 shows the snapshots
of the pullout simulations. The potential energy, interaction
energy, and interfacial bonding energy were plotted against
the displacement of the SWNT from the polymer matrix,
as shown in Figs. 7 and 8. During the pullout, the interaction
energy changed with the displacement linearly and decreased
toward a value of zero, as shown in Figs. 7a and 8a. This is
due to the stable interfacial binding interaction and the
decrease of contact area during the pullout. Figs. 7b and 8b
indicate that the pullout energy of the SWNT—polymer
composite system was increased as the SWNT was pulled
out of the polymer. The interfacial binding energy was kept
constant with a value of 0.1 kcal/mol A2 during the pullout,
as shown in Figs. 7c and 8c. After the SWNT was completely
pulled out of the polymer, the potential energy of the system
was leveled off and the interaction energy was then kept
Zero.

3.2. Influence of chemical functionalization

The SWNTs and the polymer matrix were not held fixed
in the pullout simulation. Therefore, the pullout energy has
been influenced by the deformation of the nanotubes and
polymer during the pullout. Figs. 9 and 10 show the interac-
tion energy changed with the displacement nearly linearly
during the pullout, which is due to the stable interfacial
binding interaction between the SWNTs and the polymer.
However, the interaction energy would keep zero after the
nanotubes were completely pulled out of the polymer be-
cause there was no interaction between the nanotubes and
the polymer [27].
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Fig. 5. Ilustration of the composite embedded by a (10, 10) SWNT with phenyl groups randomly chemisorbed to 2.5% of the carbon atoms: (a) top view;

(b) side view.

AZ=0A AZ = 10A

AZ=20A AZ =30A

AZ = 40A AZ = 50A

AZ = 60A AZ=T70A

Fig. 6. Snapshots from the MD simulation of the pullout of the SWNT.

Plotted in Figs. 11a,b and 12a,b are the calculated interac-
tion energy and interfacial bonding energy for SWNTs as
a function of the degree of functionalization. When the degree
of functionalization is increased, the interaction energy and in-
terfacial bonding energy between the simulated SWNTs and
the polymer monotonically increase toward a magnitude value,
which is about four times the value for pristine SWNT. The
interfacial bonding, which appears to be critically dependent
on the nanotube—polymer interface surface area, will increase

linearly with the total interface surface area [10]. When the
SWNT is chemically attached with phenyl groups, the contact
area between the nanotube and the polymer matrix will be
drastically increased, which will cause the increase of the
interfacial bonding between the nanotube and the polymer.
Figs. 11c and 12c show the growth and saturation with
higher degrees of functionalization. The results show that the
shear stress of nanotube—polymer interface with weak non-
bonded interactions can be increased by about 1000% with
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Fig. 7. Energy plots during the pullout of the SWNT from the PMMA
matrix; (a) interaction energy; (b) pullout energy; (c) interfacial bonding
energy.

the introduction of a relatively low density (<5%) of chemical
attachment. However, the shear stress increases only weakly
with the introduction of a relatively high density (>5%) of
chemical attachment. When the functional groups of SWNT
were successfully embedded into the polymer matrix, which
may possibly link SWNTs with the polymer matrix, the shear
stress could be effectively increased. The successful embed-
ding could happen at a low density of functionalization and
thus an effective enhancement of the shear stress could be
attained. However, when the density of functionalization
becomes higher, some functional groups may only contact
with the other functional groups, which may lead to a direct
result that the effective contact surface area between the func-
tional groups and the polymer matrix couldn’t be strongly
increased any more, and thus there is only a weak increase
of the shear stress.

Although the covalent attachment of functional groups to
the surface of nanotubes can improve the efficiency of load
transfer, these functional groups might introduce defects on
the walls of the perfect structure of the nanotubes, which
will lower the strength of the nanotube filler. Some models
predict that the change in mechanical properties of the SWNTs
with lower level (<10%) of functionalization is negligible
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Fig. 8. Energy plots during the pullout of the SWNT from the PE matrix;
(a) interaction energy; (b) pullout energy; (c) interfacial bonding energy.

[27]. So SWNT with 5% level of functionalization may be
the feasible nanotube type for reinforcement, which could im-
prove the efficiency of load transfer with negligible influence
on the mechanical properties of the SWNT. It also supports
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Fig. 9. Interaction energy plots during the pullout of the SWNT from the
PMMA matrix.
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suggestions that chemical attachment of nanotubes during pro-
cessing may be in part responsible for the enhanced stress
transfer observed in some systems of the nanotube—polymer
composites.
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Fig. 11. Influence of chemical functionalization on the interfacial bonding
characteristics of SWNT for SWNT—PMMA system; (a) interaction energy;
(b) interfacial bonding energy; (c) shear stress.
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Fig. 12. Influence of chemical functionalization on the interfacial bonding
characteristics of SWNT for SWNT—PE system; (a) interaction energy;
(b) interfacial bonding energy; (c) shear stress.

4. Conclusions

In summary, we have used MM and MD simulations to
study the effect of chemical functionalization on the interfacial
bonding characteristics between the SWNTs and the polymer
matrix. The simulations show that functionalization of nano-
tubes at low densities of functionalized carbon atoms drasti-
cally increase their interfacial bonding and shear stress
between the nanotubes and the polymer matrix. This indicates
that increasing the load transfer between SWNTSs and a poly-
mer matrix in a composite via chemisorption may be an effec-
tive way and chemical attachment of nanotubes during
processing may be in part responsible for the enhanced stress
transfer observed in some systems of the nanotube—polymer
composites. Furthermore, this suggests the possibility to use
functionalized nanotubes to effectively reinforce other kinds
of polymer-based materials as well.
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