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Mechanical Peeling of Free-Standing Single-Walled
Carbon-Nanotube Bundles

Changhong Ke,™ Meng Zheng, Guangwen Zhou, Weili Cui, Nicola Pugno, and
Ronald N. Miles

A in situ electron microscopy study is presented of adhesion interactions
between single-walled carbon nanotubes (SWNTs) by mechanically peeling
thin free-standing SWN'T bundles using in situ nanomanipulation
techniques inside a high-resolution scanning electron microscope. The in
situ measurements clearly reveal the process of delaminating one SWNT
bundle from its originally bound SWNT bundle in a controlled-
displacement manner and capture the deformation curvature of the
delaminated SWNT bundle during the peeling process. A theoretical model
based on nonlinear elastica theory is employed to interpret the measured
deformation curvatures of the SWNTs and to quantitatively evaluate the
peeling force and the adhesion strength between bundled SWNTs. The
estimated adhesion energy per unit length for each pair of neighboring tubes
in the peeling interface based on our peeling experiments agrees reasonably
well with the theoretical value. This in situ peeling technique provides a
potential new method for separating bundled SWNTs without
compromising their material properties. The combined peeling experiments
and modeling presented in this paper will be very useful to the study of the
adhesion interactions between SWNTs and their nonlinear mechanical
behaviors in the large-displacement regime.
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1. Introduction

Single-walled carbon nanotubes (SWNTs), a type of one-
dimensional (1D) nanostructure, possess many extraordinary
mechanical, electrical, thermal, and chemical properties,“’s]
and hold promise for many applications such as composites,
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electronics, and sensors.”!] Due to their high surface-to-
volume ratio and the resulting strong adhesion interactions
between SWNT surfaces, directly grown SWNTs are typically
in the form of bundles instead of individual fibers.
Understanding the adhesion between SWNTs is important
not only to the separation of bundled SWNTs but also to
applications where the adhesion plays an important role, such
as carbon-nanotube-based nanoswitches!'>!*! and nanotwee-
zers."15] The adhesion between SWNTs is due to van der
Waals interactions between carbon atoms, which play a critical
role at the nanoscale and dominate the intertube interactions
between SWNTs. The adhesion between carbon nanotubes has
been investigated by both modeling!"*?"! and experi-
ments.'>?>?* Based on an atomistic/continuum model,
Buehler et al. reported that individual high-aspect-ratio
SWNTs can self-fold as a result of the balance between van
der Waals forces and the bending force from the deformation
of the SWNT.['®] Shortly thereafter, Zhou et al. reported a
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closed-form analytical solution predicting the contactlength for
self-folded single- and multi-walled carbon nanotubes.!?’!
Using a continuum model, Li et al. reported the nonlinear
deformation of a SWNT above a SWNT-bundle substrate due
to van der Waals forces.['”] Tang et al. reported, based on an
atomistic/continuum model, the transverse deformation of the
two SWNTsheld together by van der Waals forces."® Itisnoted
that in the aforementioned continuum and atomistic models,
the calculations of the adhesion between SWNTSs are based on
perfect atomic structures of SWNTs. However, structural
imperfections such as defects and surface contaminations,
which are inevitably developed during the nanotube synthesis
processes, may have a significant impact on the adhesion
strength between nanotubes./?>2°! Therefore, experimental
study of the adhesion between carbon nanotubes is imperative.
The experimental work in the literature on quantitatively
evaluating the intertube adhesion is quite limited, which is in
part due to technical challenges associated with the nanoscale
positioning and manipulation of nanostructures.”””) Bhushan
et al. employed the atomic force microscopy (AFM) technique
to study the adhesion and friction between a free-standing
multi-walled carbon nanotube and a single-walled nanotube
that is attached to the AFM probe as an extruding imaging
tip.”?! When the AFM cantilever with the nanotube tip scans
the free-standing nanotube in the tapping mode, the adhesion
and friction interactions between these two nanotubes cause
attenuation of the vibrational amplitude of the AFM cantilever,
which can be used to estimate the adhesion
and friction between nanotubes. Strus et al.
investigated the adhesion interaction
between multi-walled nanotubes and flat
graphite substrates using a novel AFM-
based peeling force spectroscopy techni-
que.[23 1 In their experimental configuration,
one individual nanotube was mounted on a
tipless AFM cantilever as a cantilevered
structure, which was first engaged to contact
a graphite substrate and then peeled from
the substrate by controlling the position of
the AFM cantilever. The peeling force was
measured by recording the deflection of the
AFM cantilever when the nanotube was
gradually peeled from the substrate. It is
noted that, for both of the aforementioned
experimental studies, the deformation cur-
vatures of the tested nanotubes could not be
measured directly due to the lack of a means
of visualizing the nanotube during the
experiments. Therefore, the evaluations of
the adhesion energy in these studies have to
rely purely on the postulated deformation
curvature of the nanotubes.

In this Full Paper, we present an in situ
electron microscopy study of the adhesion
interactions between SWNTs by mechani-
cally peeling thin free-standing SWNT
bundles using in situ nanomanipulation
techniques  inside a  high-resolution
scanning electron microscope. Our in situ
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measurements clearly reveal the process of stripping off one
SWNT bundle from its originally bound SWNT bundle in a
controlled-displacement manner and capture the deformation
curvature of the delaminated SWNT bundle during the peeling
process. A theoretical model based on nonlinear elastica theory
isemployed tointerpret the measured deformation curvatures of
the SWNTs and to evaluate the peeling force and the adhesion
energy between bundled SWNTs. The adhesion energy per unit
length for each pair of neighboring tubes in the peeling interface
is also quantitatively evaluated based on our peeling measure-
ments and compared with the theoretical and experimental data
reported in the literature.

2. Results and Discussion
2.1. In situ Peeling Experiments

The SWNTs employed in our study were originally grown
on the surface of Si wafers in the form of high-density bundles by
a chemical vapor deposition (CVD) method.*®! Transmission
electron microscopy (TEM) copper grids (PELCO grids
purchased from Ted Pella, Inc) were used to gently scratch
the surface of the Si wafer with grown SWNTs on top. Some of
the SWNTs were transported from the Si wafer to the copper
grid in the form of thin free-standing bundles bridging the
through-windows of the grid, as illustrated in Figure la. A

™S
|

Signal A = InLens zenss |
| B Photo No. = 8128 .

(b)

(d)

Figure 1. a) Schematic image of SWNT bundles bridging the through windows of a TEM copper
grid. b) SEMimage of one copper-grid window with three free-standing SWNTbundles across the
edges of the grid through windows. ¢) SEM image of a free-standing SWNT bundle with a branch
and adanglingend. d) HRTEM image of one free-standing SWNT bundle with a lateral dimension
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high-resolution scanning electron micros-
copy (HRSEM) system was used to inspect
the grid and to identify the position and
orientation of free-standing SWNT bundles
on the grid. Our SEM imaging results reveal
that the obtained free-standing SWNT
bundles are consistently aligned parallel to
the scratching direction. Figure 1b shows
three free-standing SWNT bundles (small
white arrows) across one grid through
window, which are aligned along the
scratching direction (large white arrow).
Both ends of the free-standing SWNT
bundles are attached to the grid surface by
van der Waals interactions. Our studies
show that about 20% of the obtained SWNT
bundles (n=100) have one or more
branches and/or dangling ends, as exempli-
fied by the SWNT bundle shown in
Figure 1c. The dangling end is a small bunch
of SWNTs, which is detached or loosely
attached to other SWNTs in the same
bundle. The free-standing SWNT bundles
were inspected using a JEM 2100 high-
resolution TEM (HRTEM) system operat-
ing at 200kV and their lateral dimensions
were measured with subnanometer resolu-
tion. The HRTEM images reveal that the
SWNTs in the bundle are held together
tightly by van der Waals forces and are
aligned parallel to one another. Figure 1d
shows a HRTEM image of a SWNT bundle
with a lateral dimension of 24 nm. Itis noted
that information on the exact number of SWNTs and their
assembly configuration in such bundles can not be measured
readily by HRTEM imaging due to the overlapping effect. We
wouldlike to highlight that free-standing SWNT bundles can be
obtained routinely using this scratching approach.

Those free-standing SWNT bundles with branches and/or
dangling ends can be used for peeling experiments in which one
of the branching bundles or dangling ends is grabbed and then
peeled off from its originally bound SWNT bundle. One
representative peeling experiment is shown in Figure 2.
Figure 2a show a SWNT bundle with a dangling end, which
is clearly visualized in the magnified inset (white arrow) in
Figure 2a. The length of the free-standing SWNT bundle
between the two fixed ends is measured to be 56.5 wm. Because
of the dangling end, one portion of the bundle has a larger
lateral dimension than the other. The lateral dimensions of
these two portions of the bundle were measured by HRTEM to
be 39 and 21 nm, respectively (Figure S1 in the Supporting
Information). A 3D piezo-driven nanomanipulator (Klocke
Nanotechnik, Germany) mounted with a sharp tungsten probe
was employed to perform in situ nanomanipulation inside the
HRSEM.?’3% The piezo stage of the nanomanipulator
possesses nanometer-motion resolution in the x, y, and z
directions. The motion and the position of the tungsten-probe
tip can be visualized in real time by the electron beam. The in
situmechanical peeling experiment on the free-standing SWNT
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Figure 2. a) SEMimage of a free-standing SWNT bundle with a dangling end (white arrow in the
magnified inset). b) Schematic of the process of peeling off one SWNT bundle from its originally
bound SWNT bundle by means of nanomanipulation. c,d) Two representative snapshots of
peeling the SWNT bundle shown in (a) at two different peel-front positions.

bundle is schematically illustrated in Figure 2b. When the
manipulator probe was controlled to approach the dangling end
of the SWNT bundle from the side, the dangling end jumped to
make contact with the manipulator-probe tip due to van der
Waals forces, and likely electrostatic forces, between the
nanotubes and the probe. The manipulator probe was then
controlled to move horizontally and to gradually peel the
SWNT bundle whose dangling end is attached to the probe tip
from its originally bound SWNT bundle, the ends of which are
firmly attached to the surface of the copper grid. Each
controlled peeling stroke produces a newly delaminated bundle
with a length of ~0.5-2.5 pm at a peeling speed of 1 or 2 pms ™.
It is noted that no other fixture mechanism, such as electron-
beam-induced hydrocarbon or Pt deposition,® 31 was
employed to strengthen the attachment of the end of the
SWNT bundle to the tungsten probe. This observation suggests
that the adhesion between carbon nanotubes and tungsten is
stronger than that between the nanotubes themselves. In our
experiments, the SWNT bundle and the manipulator-probe tip
were controlled to be roughly at the same horizontal level by
carefully adjusting the position and the orientation of the
copper grid and controlling the position of the manipulator
probe. The resulting deformation curvatures of the delami-
nated SWNT bundle during the peeling experiments stay
practically in the horizontal plane and perpendicular to the
electron beam.*?! Therefore, the deformation curvatures of the
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SWNT bundles can be measured with nanometer resolution by
digitally analyzing the HRSEM images. Representative SEM
snapshots of two different peeling stages of the same SWNT
bundle shown in Figure 2a are presented in Figure 2c and d,
respectively. The deformation curvature of the SWNT bundle
at each delamination position is clearly captured by in situ SEM
observation. The corresponding deformation behaviors are
quantitatively measured from the SEM images and are
presented later in Figure 4 as the circular- and square-dot
curves, respectively. It should be emphasized that the
delamination of the SWNT bundle and its deformation
curvature are only attributed to the competition between the
applied peeling force and the adhesion interactions between
two SWNT bundles because the SWNT bundles employed in
our peeling measurements are free-standing structures, thus
excluding possible complications caused by other factors, such
as the substrate effect, in the evaluation and modeling of the
peeling force and the adhesion energy between SWNT bundles.

Using this in situ peeling technique, those bundled SWNT's
that have dangling ends and/or branches can be physically
separated with their material properties, such as surface
chemical properties, untouched. This is in great contrast to
many other SWNT-separation methods based on surface
functionalization with surfactants®* or biomolecules,** which
usually compromise the surface properties of pristine SWNT's
by introducing additional functional molecular groups to the
surfaces of the SWNTs. Therefore, our in situ peeling technique
provides a potential new method for separating bundled
SWNTs while preserving their intact material properties, even
though this debundling approach is, to some extent, time
consuming and inefficient.

2.2. Modeling

As revealed by our in situ peeling experiments, the
deformation of the delaminated SWNT bundle is clearly in
the large-displacement regime, which is attributed to the
ultrahigh mechanical strength and excellent flexibility of
SWNTs. We model the delaminated SWNT bundle as an
inextensible elastica rod,*>! which is consistent with the prior
experimental observation that the nanotubes could be
repeatedly bent to large angles and strain with no permanent
distortion of the tube topography.*®! The simplified peeling
configuration is schematically shown in Figure 3. The
attachment of the SWNT bundle to the manipulator probe is
considered as a joint connection based on the experimental
observation. The deformation curve of the delaminated SWNT
bundle (OABC) is divided into three regimes: segment OA,
where two bundles are held together, and segments AB and BC.
Point A is the delamination or peel-front point. Based on the
inextensible elastica assumption, segment OA is considered to
stay straight as well as the fixed—fixed SWNT bundle (segment
OD in Figure 3), of which the deflection caused by the vertical
component of the peeling force P is considered to be negligible.
Segment AB is considered to be under pure bending and
clamped at point A. Segment BCis considered to be under pure
stretching by the peeling force P, implying that segment BCis a
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Figure 3. Schematic image of the theoretical model of SWNT-bundle-
peeling experiments. The solid curve represents the delaminated SWNT
bundle. The dotted curve represents the SWNT bundle with both ends
fixed on the edges of the grid through window.
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Figure 4. Acomparison betweenthe experimental measurements (dots)
and theoretical predictions (solid line) of the deformation curves of the
delaminated SWNT bundle shown in Figure 2c and d.

straight line with a slope angle of « and is tangential to segment
AB at point B.

Our in situ peeling experiments are considered to be
quasistatic processes, in which the deformation curvature of the
delaminated bundle is determined by the bending moment
generated by the peeling force. Here, the moment generated by
the attractive van der Waals forces between segments ABC and
AD is considered to be negligible. In the (s,0) coordinate
system, the governing equation of the deformed rod segment
AB is given by

2

d-o
El— — Psin(a — 0) =0,

ds? @

where EI is the flexural rigidity of the rod and is assumed to be
constant along the rod, s is the arc length along the deformed
rod measured from the fixed end O, and 6 is the angle between
the tangent of the rod at s and the x axis. The boundary
conditions at points A and B are y, =0, 0, =0, g =, and
9915 = 0. In addition, it can be clearly seen that 9> 0 for
segment AB.
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Following the approach reported in Reference [35], we
obtain

de 2P

= E(lfcos(afH)). (2)
Considering dx =cos 6 ds and dy =sin 6 ds, the equation of
segment AB is given by

0
x(0) = x + B / cos(6)d 0<6<a (3a)
, 1 —cos(a — 0)
and
=B / sin(9 0<h<a (3b)
/1 —cos(a —
where = \/ZE——,’,. B can be obtained by fitting the theoretically

predicted deformation curve to the experimental data. The
applied peeling force can be easily obtained as P = ,32’
indicating that the applied peeling force is linearly propor-
tionally to the bending stiffness of the delaminated bundle.
The moment generated by P at point A, M, is given by
M A = Pd, in which d is the distance between point A and the
acting line of the peeling force P.

Since our in situ peeling experiments are considered to be
quasistatic processes, the delamination of the SWNT bundle is
considered to be due to a balanced competition between the
bending moment and the adhesion between SWNT bundles at
the peel point. Therefore, the reaction moment at the peel point
is equal to the bending moment measured in the vicinity of the
peel point (i.e., MA). Therefore, the adhesion energy per

unit length or energy-release rate at the peel point is given
py!37:38]

| EId?
8 ﬂ“ '

M

T2 El “)

We should emphasize that Equation (4) is valid for peeling
in the large-displacement regime, as we present in our
theoretical model, and can be also derived using a different
approach with the same formulation. Nicholson demonstrated
that the correlation between the peeling force P and the
adhesion energy G, G=P(l-cos «), is valid for peeling
with both small and large bending.Bg] Considering
d* =2EL(1— cosa), as derived by Kendall for a peel band with
large displacements,'*”! we can obtain the same formulation for
the adhesion energy, G, as Equation (4).

The per-unit-area adhesion energy, which is generally used
in the literature, can be easily obtained from Equation (4)
provided that the width of the delaminated SWNT bundle at the
peel point is known. Considering EI as a fundamental property
of the SWNT bundle, as proposed by Huang et al. regarding the

elastic behavior of SWNTSs,[*I=*3] Equation (4) can be rewritten

G _1
as— 8;‘5“
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2.3. Comparison of Experiments and Theoretical
Predictions

Figure 4 shows a comparison between the experimental
measurements and the theoretical predictions of the two
selected deformation curves of the delaminated SWNT bundle
shown in Figure 2¢ and d. The theoretical predictions of the
deformation of segment AB are obtained based on Equation
(3), while the predicted segments OA and BC are obtained as
the tangent lines to the predicted segment A B. Figure 4 clearly
shows that the theoretical predictions and the experimental
measurements are in good agreement for both deformation
curves, with B as the only fitting parameter. In addition to 8, the
parameter d can be easily obtained from the theoretical curve
by measuring the distance from point A to the extension line of
segment BC, which coincides with the acting line of the peeling
force P. Both the peeling force P and the adhesion energy G can
then be obtained.

Figure 5a shows the applied peeling force, normalized by
the flexural rigidity, E£1, to delaminate the SWNT bundle shown
in Figure 2a at different peel-front positions, which are
determined based on ten recorded HRSEM images taken on
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Figure 5. a) The predicted peeling force and b) the predicted adhesion
energy per unit length between the SWNTbundles. Both the peeling force
and the adhesion energy shown in the plots are normalized by £I.
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the same SWNT bundle at those respective peel-front positions.
The corresponding theoretically predicted per-unit-length
adhesion energy normalized by EI is plotted in Figure 5b. It
can be seen from Figure 5b that the predicted adhesion energy
fluctuates within a narrow range. Based on these ten
measurements, the predicted adhesion energy G=k EI, in
which k=0.754+0.15 um’z, represents a 20% variation from
the mean value of the predicted adhesion energy. Such a
variation in the adhesion energy may be attributed to several
possible reasons. In addition to inaccuracies in theoretical
modeling (e.g., the omission of the van der Waals interaction
between segments ABC and AD in the current model),
variations of SWNT structures at those peel-front points, such
as defects and/or surface contamination, may also contribute to
such fluctuations in the prediction of the adhesion energy.

It is noted that the first six data points, as counted from the
left, in Figure 5a and b correspond to peeling measurements
performed at a peeling speed of 1 wm s~ !, while the other four
measurements were carried out at a peeling speed of 2 pum s .
Comparison of the predicted peeling force P and adhesion
energy G for both peeling speeds suggests that the peeling
speeds employed in our experiments do not have a material
effect on the predicted peeling force and adhesion energy.

2.4. Discussion of the Adhesion Energy Between
Bundled SWNTs

Our theoretical model considers the bending stiffness EI to
be a fundamental property of the delaminated SWNT bundle.
The Young’s modulus of individual SWNTs, E, is roughly 1
TPa.[*** Studies have shown that the Young’s modulus of the
SWNT bundles decreases as the tube diameter increases, which
is due to the fact that the intertube van der Waals interaction is
weaker than the nanotube’s axial tensile strength which is
attributed to covalent bonding.!*®! The moment of inertia of the
SWNT bundle, I, increases with the number of tubes in the
bundle and also largely depends on their assembly configura-
tion. On the other hand, the adhesion energy G can be
considered to be linearly proportional to the number of tubes in
the delamination interface because van der Waals interactions
between non-neighboring carbon atoms are negligible.[47]
Therefore, it is reasonable to speculate that the normalized
adhesion energy, G/EI, is size dependent and decreases with an
increase in the number of tubes in the bundle for the same tube
assembly configuration. To facilitate a comparison of the
adhesion energy between our experimental value and the
available theoretical and experimental data in the literature, we
calculate the adhesion energy per unit length between each pair
of neighboring tubes in the peeling interface through a
quantitative analysis of the dependences of G and EI on the
cross-section dimensions of the bundle.

It has been reported previously that SWNTs in the bundle
tend to form a orderly hexagonal structure,*®! as illustrated in
Figure 6. Based on the HRTEM images of the tested samples,
we assume that the delaminated SWNT bundle shown in
Figure 2 consists of pure (10,10) SWNTs, which have a radius
r=0.6785nm. The calculated Young’s modulus for the (10,10)
SWNT bundle is 0.563 TPa.[*’! It is assumed that the radial
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Figure 6. Schematic ofthe cross section of the SWNTbundles at the peel
front. The dotted-circle rings represent the interface carbon nanotubes on
thefixed bundle. The solid-circlerings represent carbon nanotubesonthe
delaminated bundle. a is the hexagonal lattice constant, b is the width of
thedelaminationinterface, and cisthe height ofthe peeling cross section
of the delaminated bundle.

deformation of the tubes in the bundle due to the intertube van
der Waals interaction is negligible here!"®! and that the cross
sections of the tubes remain circular. The van der Waals
interactions between carbon atoms are modeled by the
Lennard-Jones (LJ) potential** as u(R) = — 4 + -5, in which
R is the atom-separation distance and A and B are constants
(for carbon-carbon interactions, A=152¢eV A° and
B=24.1 keV A'2).*7l The equilibrium lattice constant for
the bundled tubes, which corresponds to the minimum total van
der Waals energy, can be estimated as a =2r+0.313 nm,*”]
which gives @ =1.67 nm for (10,10) tubes. The corresponding
van der Waals energy per unit length between two neighboring

tubes in _the peeling interface is given by’
Glheo :3;2”(7AIA+ 3221—213), in which n,=38nm? is the

graphene surface density and /5 and /I are two double integrals
and functions of a/r. For the parameters discussed here, the
adhesion energy GJ"* is 0.151 nJ m ', which was originally
reported in Reference [47]. The moment of inertia of the
delaminated bundle is given by I = NIy + Ao > (vi — yc)z, in
which Nis the total number of tubes in the bundle, Ay and [, are
the cross-sectional area and moment of inertia of the individual
SWNTs, calculated as A = nr? and I = nr*/4, respectively, and
y; and y, are the y coordinate of the center of each carbon
nanotube and the centroid of the cross-section of the
delaminated bundle, respectively. Based on the measured
value of the height of the delaminated bundle (c in Figure 6),
18 nm, we reasonably assume that there are 13 layers of (10,10)
tubes in the height direction of the delaminated bundle, which
gives an actual height of 18.71 nm. Because the width of the
delaminated bundle, b, is unknown, we calculated the adhesion
energy per unit length between two neighboring tubes on the
peeling interface, G, for a wide range of values of b from 3.03 to
49.79 nm, based on the experimental value of G/EI. The results
are plotted in Figure 7. Figure 7 also show a 20% error bar
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Figure 7. The dotted line and error bars represent the predicted mean
value of the adhesion energy per unit length between two neighboring
tubes on the peeling interface and its upper/lower limits for various
delaminated SWNT bundle widths (b), respectively, based on the
experimental value of G/EI. The solid line represents the theoretical
prediction based on perfect SWNT-bundle structures.

indicating the upper/lower limit of the predicted adhesion
energy for the tested bundle and a comparison with the
theoretical value based on perfect SWNT-bundle structures.
Our results show that the predicted adhesion energy decreases
with increase of b and then tends to a constant value, which
is ascribed to the edge effect. Figure 7 also shows that the
theoretical value falls between the calculated mean and its
upper/lower limits for our tested sample for b <9.707 nm,
implying that it is very likely that there are at most 5 layers of
tubes in the width direction of the delaminated bundle. For b
between 3.027 and 9.707 nm, the calculated mean value of the
adhesion energy for our tested bundle is in the range of ~0.126—
0.162nJ m ™', which is close to the theoretical value for perfect
SWNT bundles, and the difference increases with b. For
instance, the difference is 7.7% for b =4.697 nm and increases
to 16.6% for b =9.707 nm. Considering the possible structural
imperfections in our tested bundle, the adhesion energy
between SWNTs obtained from our peeling experiments
agree reasonably well with the theoretical value and the
tube-assembly configuration employed in our analysis appears
to be plausible.

It is noted that the experimental values of the adhesion
energy between two carbon nanotubes reported in the
literature are in the range of ~0.36-1.0 nJ m~',*>?* which
were obtained based on the interactions between two double-
walled nanotubes,[z‘” and between one single- and one multi-
walled nanotube.”?! Our experimental value for SWNTs is
smaller than those reported values, which is of no surprise
because, in those systems, more carbon atoms were involved in
the intertube interactions and the adhesion energy should be
stronger compared to our pure-SWNT systems. We would like
to highlight that, due to the fact that our peeling experiments
canrecord the adhesion interaction between SWNTs at various
locations on the same SWNT bundle, the adhesion energy
estimated from our measurements will be statistically more
reliable than those obtained based on measurements on just one
location.?4!

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C. Ke et al.

3. Conclusion

In this Full Paper, we study the adhesion interactions
between SWNTs by mechanically peeling thin free-standing
SWNT bundles using in situ nanomanipulation techniques
inside a HRSEM system. Our in situ measurements clearly
capture the SWNT-bundle-delamination process. Theoretical
predictions of the deformation curves of the delaminated
SWNT bundles based on a nonlinear-elastica model are in good
agreement with experimental measurements. The peeling force
and the adhesion energy between bundled SWNTs are also
quantitatively evaluated and discussed. The estimated adhe-
sion energy per unit length for each pair of neighboring tubes in
the peeling interface based on our peeling experiments agrees
reasonably well with the theoretical value. Our in situ peeling
technique provides a potential new method for separating
bundled SWNTs without compromising their material proper-
ties. The combined peeling experiments and modeling
presented in this paper will be very useful to the study of the
adhesion interactions between SWNTs and their nonlinear
mechanical behaviors in the large-displacement regime.
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