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Conducting surface coatings are useful for antistatic applica-
tions,[1] whereas surface hardening of materials is useful for
improving the wear and abrasion resistance.[2, 3] For polymer
materials, surface conductivity and stiffness may be im-
proved by applying coatings or adding fillers to the polymer
matrix.[1,4] For example, polymers can be made scratch re-
sistant by the addition of hard fillers.[4] However, for the
case of polymers, achieving excellent mechanical and elec-
trical properties only at the surface is a challenge. Conven-
tional hard fillers, such as alumina or silica, improve the
scratch resistance of the polymer,[4] but do not help improve
the conductivity. On the other hand, conducting fillers such
as micrometer-scale graphite particles[1] do not considerably
improve the mechanical properties of the polymer. Thus,
there is a need to develop a surface engineering approach
to alter the mechanical and electrical properties of polymer
coatings.

Multiwalled carbon nanotubes (MWNTs) are stiff mac-
romolecular structures having outer diameters of �30 nm,
and lengths on the order of a few tens of micrometers.[5]

The MWNTs also have a very high conductivity
(�105 Scm�1),[6] high modulus (�1 TPa) along their length
direction,[5] as well as a high bending modulus (0.9 to
1.24 TPa).[7] Possibilities of improving bulk mechanical and
electrical properties of composites by nanotube-reinforce-
ment have been discussed in the literature.[1,6, 8–12] For exam-
ple, the polymer-intercalated nanotube sheets have shown
significant improvement in the modulus of the film.[12] Our
approach is to incorporate the excellent properties of nano-
tubes at a polymer surface in a well-ordered and distributed
fashion resulting in the improvement in the electrical as
well as mechanical properties of the polymer. This would
enable multifunctional surface characteristics for polymer
coatings. This paper describes the first report of the genera-
tion of such surface-engineered polymer coatings with nano-
tubes.

In the present work, a thickness-aligned MWNT/poly-
mer disc was prepared, where the MWNTs were reinforced

into one of the surfaces of the disc, and were aligned in the
thickness direction. The discs were made from two different
polymers: polymethyl methacrylate (PMMA) and polydi-
methyl siloxane (PDMS).[13, 14] Both PMMA and PDMS are
insulating. However, PMMA is a glassy, rigid polymer at
room temperature, whereas PDMS is a soft elastomer at
room temperature. The synthesis of the composite disc was
performed as follows:[14] First, the aligned arrays of MWNTs
(�30 mm in length) were grown on a quartz substrate by
chemical vapor deposition.[14, 15] Subsequently, the quartz
substrate with aligned nanotube arrays was gently im-
mersed, with the nanotube side facing the top, into the
excess monomer (or uncured resin) solution in a vial. By
using the excess quantity, the resulting polymer not only oc-
cupied the inter-nanotube gaps in the MWNT arrays, but
also formed a thick layer above the surface of the MWNT
arrays. A portion of the same monomer solution was taken
in a separate vial to make pure polymer as a control sample.
After the in situ polymerization was complete, polymer
discs were taken out of the quartz substrate. In order to
make MWNT/PMMA discs, the monomer (methyl meth-
acrylate (MMA)), the initiator (2,2’-azobisisobutyronitrile
(AIBN)), and the chain-transfer agent (1-decanethiol) were
mixed together in a given proportion (60 mL MMA: 0.17 g
AIBN: 30 mL 1-decanethiol) in a quartz vial.[14,16] The poly-
merization was carried out in a water bath at 55 8C, for 24 h.
The weight fraction of MWNTs in the MWNT/PMMA com-
posite films was estimated to be approximately 4 %.[14] Sche-
matics of the synthesis process and the cross-sectional SEM
micrographs of the thickness-aligned MWNT/PMMA discs
are shown in Figure 1. Similarly, PDMS as well as MWNT/
PDMS films were prepared by infiltration of a mixture of
silane resin and a curing agent (in a proportion of 10:1 by
weight) into aligned MWNT arrays, followed by typical ther-
mal cure cycles.

The surface resistivity of the MWNT side of the polymer
disc was compared with that of the pure PMMA side by
measurement with a four-probe setup with a probe spacing
of �500 mm. A dc current (I), on the order of a few hun-
dred microamps, was applied through the sample, and the
voltage (V) was measured in millivolts. The MWNT-rein-
forced side of the PMMA disc showed a dc conductivity of
0.60�0.07 Scm�1, whereas the pure PMMA side was not
conducting. The reported conductivity of PMMA is �5�
10�11 Scm�1.[6] Thus, the addition of MWNTs increases the
surface conductivity of PMMA significantly. The MWNTs
used in the present analysis are macroscopically aligned but
show less overall alignment owing to the waviness of the
nanotubes. Thus, the percolation threshold is expected to be
drastically lower than that which is expected for perfectly
aligned fibers in a matrix. Therefore, the nanotube loading
(�4% by weight or 2% by volume) in the present compo-
sites is expected to be above percolation threshold, as indi-
cated by the conductivity of 0.60�0.07 S cm�1. This value is
higher than that reported in the literature for similar load-
ings of pure, non-aligned MWNTs (10�3 to 10�2 Scm�1),[6,11]

but lower than for similar loadings of Fe-containing
MWNTs in PMMA (>1 Scm�1).[11] The conductivity of the
aligned MWNT/PMMA surfaces is large enough for poten-
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tial antistatic coatings on otherwise insulating poly-
mers.[1, 6,8–11]

The surface mechanical properties of the thickness-
aligned MWNT/polymer composites were studied using
Vicker�s microhardness as well as through the force curves
generated using atomic force microscopy (AFM). Vicker�s
microhardness data is shown in Figure 2 and the force
curves obtained using AFM are shown in Figure 3. In an

AFM experiment, a conical tip having a tip diameter of
�10 nm and a cone-apex angle of �208 was indented into
the sample. Force curves were generated by indenting the
surface of a composite film as well as that of a pure polymer
control sample with an AFM tip, up to the same cantilever
deflection (same maximum force). An etched silicon cantile-
ver with a force constant of 60–100 N m�1 was chosen for in-
dentation by AFM. The cantilever was calibrated before
and after indentation on a hard surface to determine its sen-
sitivity. The indentation was carried out at regular intervals
on a 2� 2 mm2 area. The force curves generated were then
converted to load-versus-indentation curves, and subse-
quently used to analyze the local elastic properties of the
surface. The effective surface stiffness was used to qualita-
tively compare the mechanical properties of the pure and

Figure 1. A schematic of the infiltration and in situ polymerization of
MMA in aligned MWNT arrays. SEM images of the resulting thickness-
aligned MWNT/PMMA films are shown in (a) and (b).

Figure 2. Comparison of Vicker’s microhardness of the MWNT-rein-
forced surface of PMMA with pure PMMA. The Vicker’s hardness
number,[2] (VHN)=2 P[sin(q/2)]/L2 =1.854 P/L2, where P is the load
(�25 gf), L is the average length of the diagonals obtained by micro-
scopic measurements, and q is the included angle between diago-
nals (�1368). The VHN was obtained from the standard charts for
given P and L, and was averaged over �15 readings. The MWNT-rein-
forced surface of PMMA shows �10 % improvement in the micro-
hardness of the polymer.

Figure 3. a) The MWNT-reinforced surface of PMMA shows an
increase of �18 % in the effective surface stiffness of the polymer;
b) the MWNT-reinforced surface of a PDMS film, compared with pure
PDMS, shows an improvement of �140 % in the effective surface
stiffness of the latter.
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MWNT-reinforced polymer surfaces.[17] In order to deter-
mine the effective surface stiffness in the present case, only
the loading portion of the force curve was used.[17] Very
small loads, on the order of a few hundred nN, were used in
this test to produce only elastic deformation of the sample
surface. The AFM was used in tapping-mode to scan the
surface topography before and after the indentation was car-
ried out. There was no apparent change or damage on the
surface of the sample. This, in addition to the repeatability
of the force curves at the same location over time, indicates
that indentation of the tip into the surface produces a
purely elastic deformation. The effective surface stiffness
was obtained as the slope of the load-versus-indentation
curves. Such curves for MWNT/PMMA and MWNT/PDMS
surfaces are shown in Figure 3a and b, respectively. It
should be noted that the elastic modulus of the sample
cannot be obtained directly using the present approach. For
estimation of the elastic modulus, the unloading portion of
the force curve is typically used and the nano-indentation of
the surface involves plastic deformation.[18–19]

A comparison of the Vicker�s microhardness data shows
�10 % improvement in the microhardness of the aligned-
MWNT-reinforced PMMA over pure PMMA. A compari-
son of AFM force curves taken on the MWNT side of the
MWNT/PMMA films against pure PMMA indicates that
the MWNT-reinforced surface is stiffer than that of pure
PMMA. An increase of �18 % in the effective surface stiff-
ness of MWNT-reinforced PMMA is observed over that of
pure PMMA. Since the microhardness and the effective sur-
face stiffness are both proportional to the elastic modulus of
a sample, the results shown by AFM and Vicker�s tests are
consistent. The surface mechanical properties of the nano-
tube-reinforced surface of PDMS are also compared with
those of the pure PDMS surface. An increase of �140 % is
observed in the slope of the force curve measured for a
MWNT-reinforced surface of PDMS over that of the pure
PDMS. The results imply that nanotube-reinforcement re-
sults in substantial stiffening of the polymer surfaces.

On an absolute scale, the slope of the MWNT-reinforced
PDMS surface is almost three orders of magnitude lower
than that of the MWNT-reinforced PMMA surface. This is
because the modulus of the pure PDMS matrix is lower
than that of PMMA by about the same order of magnitude.
A relationship between the observed improvement in the
effective surface stiffness and the modulus of the matrix can
be obtained by considering the buckling of the wavy fibers
reinforced in a composite. Both AFM and Vicker�s micro-
hardness tests use compressive loads, which causes bending
and buckling of nanotubes under compression. Also, the
MWNTs in the present case are wavy and not perfectly
straight. It is reported[20–21] that the stiffness and the strength
of carbon fibers are drastically reduced due to fiber wavi-
ness, as compared to those of the straight fibers. Fiber wavi-
ness reduces the resulting modulus of the fiber–polymer
composite, to lower than that predicted by the rule of mix-
tures.[20–22] Piggott[22] and other groups[20–25] have analyzed
the compressive strength and modulus of composites in the
fiber-axis direction, by assuming the fibers to be wavy (si-
nusoidal) and embedded in a soft as well as a hard matrix.

In their analysis, a soft matrix is defined as a matrix where
the Young�s modulus, Efiber @Ematrix. This analysis can be ap-
plied to the present case by assuming a soft matrix, where
EMWNT @EPDMS and EPMMA. The amplitude and wavelength
of the fiber (diameter d) are characterized by the dimen-
sionless parameters a and l, respectively. Straight fibers will
decrease in length when compressed,[26] with a compliance
of 1/Ef, where Ef is the Young�s modulus of the fiber. On
the other hand, curved fibers will suffer an increase in am-
plitude a and decrease in wavelength l of the curvature as a
result of pushing against the matrix at right angles to the
fiber alignment direction. This will contribute an additional
compliance, 1/Ef1 (in addition to the original 1/Ef) which, for
long specimens with length greater than l is given by:[22]

Ef1 ¼ l4Em=p5a3 ð1Þ

All other parameters (such as the initial fiber waviness)
being constant, Ef1aEm. The waviness-induced fiber compli-
ance, 1/Ef1, further modifies the rule of mixtures as,[22]

E1 ¼ Vf=ð1=Ef þ 1=Ef1Þ þ VmEm ð2Þ

Thus the composite modulus E1 is a strong function of
the matrix modulus Em due to fiber waviness. A schematic
of stress distribution around a wavy fiber-reinforced compo-
site is shown in Figure 4a. The normalized effective surface
stiffness of the MWNT-reinforced side of a polymer is plot-
ted as a function of the effective surface stiffness of the re-

Figure 4. a) Schematic of stress distribution around a wavy fiber rein-
forced in a polymer matrix. (s2m is the stress on the matrix, sf is the
stress on the fiber, d is the diameter of the fiber); b) SMWNT-reinforced surface

(normalized) is the normalized effective surface stiffness of the
MWNT-reinforced surface as measured by AFM. Spolymer (normalized) is
the normalized effective surface stiffness of the polymer as
measured by AFM. The solid line is the theoretical proportionality
between the composite modulus, E1(normalized) and matrix modulus
Em(normalized). The effective surface stiffness of the nanotube-rein-
forced surface scales with that of the polymer matrix surrounding the
nanotubes.
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spective pure polymer, in Figure 4b. Figure 4b shows that
the normalized effective stiffness of a nanotube-reinforced
surface [SMWNT-reinforced surface (normalized)] increases with that
of the pure polymer [Spolymer (normalized)]. The plot has two
data points; one for PDMS and the other for PMMA. These
data points follow the above-mentioned proportionality,
Ef1aEm. According to the above relationship, as Em (or
Spolymer) approaches zero, Ef1 (or SMWNT-reinforced surface) should
also approach zero. This is indicated by a very low value for
SMWNT in air, as observed from Figure 3b.

In conclusion, it has been shown that surface electrical
and mechanical properties of the polymer can be engi-
neered by nanotube reinforcements at the surface. The sur-
face conductivity of insulating polymers is improved due to
the presence of nanotubes. The nanotube reinforcement
causes significant improvement in the microhardness of the
polymer under compressive loads. This is explained in terms
of improvement in the effective stiffness of the composite
surface. The latter is proportional to the stiffness of the sur-
rounding polymer matrix. The stiffer the polymer, the larger
the resistance of nanotubes to buckling, and consequently,
the composite surface is also stiffer.
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