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Interlayer Forces and Ultralow Sliding Friction in Multiwalled Carbon Nanotubes
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We describe interlayer force measurements during prolonged, cyclic telescoping motion of a multi-
walled carbon nanotube. The force acting between the core and the outer casing is modulated by the
presence of stable defects and generally exhibits ultralow friction, below the measurement limit of 1.4 X
10~ N/atom and total dissipation per cycle lower than 0.4 meV /atom. Defects intentionally introduced
in the form of dangling bonds lead to temporary mechanical dissipation, but the innate ability of nanotubes
to self heal rapidly optimizes the atomic structure and restores smooth motion.
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Understanding atomic scale mechanical interactions,
possibly leading to friction and dissipation remains a major
challenge for a broad base of scientists and is an essential
requirement for the development of viable nanoelectrome-
chanical systems (NEMS). In this context, multiwalled
carbon nanotubes (MWNTs) [1] have been proposed as
an intriguing system for studying friction on the nanoscale
[2—4] because of their constrained geometry, inert ultra-
smooth surfaces and the small intershell distance that
prevents the accumulation of contaminant particles.
These features could make MWNTs the ideal building
blocks for the fabrication of nanoelectromechanical de-
vices like nanoscale motors [5], springs [3], variable re-
sistors [6], or switches [7].

Theoretical modeling predicts that geometrically perfect
MWNTs would be the ‘“smoothest bearings” [2,4], with
vanishingly small interlayer friction due to the suppression
of collective stick-slip motion in incommensurate tube
pairs, similarly to superlubricity in graphite [8]. However,
as-produced carbon nanotubes do not generally possess the
ideal, defect-free structure postulated in theoretical mod-
els. Various topological defects like vacancies [9], Stone-
Wales defects [10], and adatoms [11] inevitably introduced
during MWNT growth might lead to dissipation during
intershell sliding in MWNTs. Even in topologically perfect
nanotubes, thermally induced fluctuations [12] or phonon
excitation due to interaction of the core with the edge of the
outer casing [13] could lead to mechanical dissipation that
would scale with the length of the moving section. Other
theoretical models predict nonextensive interlayer friction,
with dissipation coming from the movement of the core’s
fractured end [14] or phonon excitation due to interaction
of the core with the edge of the outer casing [15].

A limited number of previous experiments on nanotube
intershell sliding have yielded encouraging, though quanti-
tatively incomplete results, based on estimates [3] or
single-shot extraction experiments in scanning electron
microscopes [16,17], whereas cyclic motion is required
in order to distinguish between dissipative and conserva-
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tive interlayer forces. This leaves it unclear if the predicted
ultra-low-friction properties of nanotubes can be realized
in practice.

In order to quantify the dynamic properties of interlayer
sliding in MWNTs, we have performed measurements in-
side a JEOL-2010 transmission electron microscope
(TEM) using a nanomanipulation stage with a force sensor,
Fig. 1(a). A whisker of arc discharge grown tubes was
glued onto a Pt wire and mounted in the mobile, sample
part of the manipulator. Outer layers are removed by
electrical breakdown [18], exposing a core which is spot
welded to the force sensor, a Pt-coated atomic force micro-
scope (AFM) tip, using a 5 V pulse, current limited to
below 10 wA [3]. The outer casing is in stable mechanical
contact with a Pt wire mounted on the nanomanipulation
stage. The piezodriven actuator induces cyclic telescopic
motion of the core relative to the casing [Fig. 1(b)] with
frequencies in the 0.1-100 Hz range. Relative positions of
the core, casing, and AFM cantilever with a spring constant
of 0.26 N/m are directly observed in the TEM and digi-
tized from video recording using pattern recognition soft-
ware. Depending on the TEM magnification, displacement
and force resolutions of 1.6 A and 40 pN can be achieved
in this way.

Assuming for the sake of generality that the interlayer
friction is proportional to the contact area and character-
ized by shear strength 7 [19], the expected force acting
between neighboring MWNT layers can be written as the
sum of the interlayer friction and cohesion force:

F = Ffriction + Fcohesion
= :Sgn(X)WDTL(XEK_’}/WD + fcorr(x)j (1

V '
dissipative conservative

where f., is the expected oscillating contribution to co-
hesion due to interlayer corrugation [4,20], L is the inter-
layer overlap length dependent on the telescoping core
position x, D the diameter of the mobile core, and vy the
surface energy of the MWNT shell. The average value of
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FIG. 1 (color online). (a) Schematic drawing of the measure-
ment setup. The protruding core of a MWNT is connected to an
AFM tip. The outer casing is mechanically connected on the
other end to a Pt wire, attached onto a piezoscanner which is
used to induce cyclic telescoping motion. The force acting
between the casing and the core is monitored by measuring
the deflection 6 of the AFM cantilever which is much smaller
than the casing displacement x. (b) Two TEM images showing a
telescoping MWNT.

the cohesion force yarD can be experimentally determined
at the end of the experimental run by complete extraction
of the core from the casing. Friction and dissipation would
be manifested by a nonvanishing closed loop integral of
Fdx, where F is the total interlayer force, Eq. (1), leading
to hysteresis in force-displacement curves with different
force averages during inward and outward motion of the
core, requiring net work to be performed on the system
during one cycle of motion.

The measured force acting between the core and the
casing during cyclic telescoping motion, Fig. 2(a), shows
an irregular force profile with an average value that corre-
sponds to the interlayer cohesion which acts as a constant
force spring providing the restoring force acting on the
core [3]. The fluctuations in force are on the order of
100 pN, devoid of periodicity and with peaks of subnan-
ometer widths, Fig. 2(a). A color-coded force map corre-
sponding to 14 consecutive cycles of motion, shown on
Fig. 2(b) with the first cycle at the bottom, clearly demon-
strates that the force profile is reproducible and indepen-
dent of the direction of motion. Surprisingly, the force is
far more irregular than the theoretically predicted behavior
of perfect nanotubes [4,20] expected to result in regular
force oscillations with periodicity that corresponds with
the periodicity of the registry-dependent interlayer poten-

tial energy. The reproducible nature of observed force
fluctuations indicates that they might be due to randomly
distributed, stable defects that locally modify the interface
geometry between the core and casing thus modulating the
interlayer force. The obvious candidate for such defects is
the Stone-Wales (SW) defect [10], consisting of two hep-
tagons and two pentagons created by a 90° C-C bond
rotation. This is the most common and stable form of
defects in carbon nanotubes. Chemisorbed impurities are
less likely due to constrained space between the neighbor-
ing shells. The amplitude and spatial extent of measured
force fluctuations are consistent with theoretical calcula-
tions for either SW defects on the core interacting with the
open end of the casing or SW defects on the casing
interacting with the capped core [21]. The fluctuating force
could therefore represent a unique ‘““fingerprint” of the
telescoping nanotube, reflecting the spatial arrangement
of stable defects, probed by mechanical means.

Most importantly, an irregular force profile does not
necessarily imply finite friction and dissipation. Even
though the force acting on the core during one cycle of
motion is irregular, it is, for the majority of traces, inde-
pendent of the direction of motion, Fig. 2, with equal force
averages in both directions. For the majority of traces we
observe, the cyclical telescoping motion of nested nano-
tubes is nonhysteretic and therefore frictionless and
dissipation-free, within the measurement limit. Based on
the precision of our instrumentation, we estimate that the
friction is below 1.4 X 10~ N/atom, corresponding to a
shear strength 7 lower than 0.05 MPa and total dissipated
energy per cycle of less than 0.4 meV /atom. This is more
than an order of magnitude lower than the previous esti-
mate of 2.3 X 10~ N/atom (0.4 MPa) on the interlayer
friction (shear strength) [3] and lower than the observed
friction for one of the least dissipative nanoscale interfa-
ces—the incommensurate contact between Cg islands and
NaCl [22]. We thus find that, despite the presence of stable
defects leading to an irregular force profile, telescoping
nanotubes need not display mechanical dissipation, dem-
onstrating that ‘“‘real-world” nanotubes could be used to
construct defect-tolerant linear nanomachines with high
performance.

How robust is the ultrasmooth motion of telescoping
nanotubes? Prominent horizontal dark and bright streaks
close to the top of the force map shown on Fig. 2(b)
indicate temporary occurrences of hysteresis, implying
that interlayer sliding is not completely immune to friction.
Such hysteretic behavior, shown in more detail on
Fig. 2(c), can occur spontaneously without any interven-
tion on our part and is reminiscent of atomic friction
[23,24]. As it turns out, the hysteretic behavior is very
short lived as the nanotube is cycled. As an example, for
the upper traces in Figs. 2(b) and 2(c), the original force
signature with no observable friction is restored after only
two cycles of dissipative motion.

The short period of dissipative motion described above
can be attributed to the formation of at least one vacancy on
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(a) Telescoping core position and force acting on it during cyclic actuation for both directions of movement.

The force profile is irregular with fluctuations on the order of 100 pN. (b) Color-coded force map for 14 cycles of motion shows the
reproducibility of the irregular force profile. Dark and bright horizontal streaks indicate the short-lived occurrence of mechanical
dissipation. (c) A detailed plot of the last 6 sequential cycles of telescoping motion from part (b) showing spontaneous appearance and
disappearance of friction. Full and dashed lines represent the inward and outward motion of the core. Curves are offset for clarity.

the telescoping interface, leading to the appearance of
friction and increased interlayer force that is consistent
with previous theoretical modeling [9]. However, rapid
healing through dangling bond saturation and Stone-
Wales defect formation [25], promoted by telescoping
movement, optimizes the atomic structure and restores
the original force signature, Fig. 2(c). This demonstrates
that carbon nanotubes are endowed with the fascinating
ability to self-repair, absorbing damage that could other-
wise lead to dissipation and jamming. Apart from such
short, transient excursions, dissipation-free telescoping
motion of this nanotube continued for up to 30 min, with-
out any permanent changes.

Under our imaging conditions, the 100 keV electron
beam used for TEM imaging with an approximate flux of

0.4 A/cm? can cause limited knock-on damage, displacing
carbon atoms from the nanotube lattice, thus creating va-
cancies with associated dangling bonds and interstitials.
Assuming a displacement energy of 17 eV [26], our imag-
ing conditions will result in at least 5 X 107> displacements
per atom every second (dpa/s), with 3 dpa/s for a typical
telescoping interface containing 6 X 10* atoms. Cycles
with dissipation are rarely observed, implying that contin-
uous telescoping motion itself can suppress creation of co-
valent bonds in the interface between the core and the cas-
ing. Stopping the telescoping motion for only a couple of
seconds can lead to permanent jamming of the core due to
e-beam radiation induced crosslinking [27] with the case.

After prolonged exposure to the TEM electron beam, the
telescoping MWNT system becomes permanently dam-
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(a) An example of high amplitude telescoping motion exhibiting mechanical dissipation events with no apparent periodicity.

Full and dashed lines represent inward and outward motion of the core with respect to the outer casing. (b) Dependence of force on the
telescoping position during slow pullout. Sharp, stick-slip-like features are superposed on the background due to the interlayer
adhesion. Complete extraction of the core is manifested by a sudden drop of force.
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aged as the self-healing mechanism is no longer able to
cope with the high disorder concentration and restore
dissipation-free movement. An example of a finite friction
loop from such a damaged tube is shown on Fig. 3(a). The
telescoping nanotube geometry with its variable surface
area provides an unprecedented opportunity to confirm that
the friction, when it occurs, is due to localized defects
giving rise to dissipation events and not to area dependent
atomic friction [19]. In addition, complete extraction of the
core from the casing allows us to determine the intershell
cohesive force for damaged tubes. During slow pullout
(15 nm/s), the force is found to be characterized by a
constant background with superimposed abrupt dissipation
events, shown in Fig. 3(b). Magnitudes of these events
range from 0.3-3.1 nN, similar to those in the friction
loop shown on Fig. 3(a). Complete extraction of the core
from the outer casing manifests itself as an abrupt decrease
of force, with a magnitude of 3.1 nN, Fig. 3(b). This
corresponds to a surface energy of y = 0.2J/m?
(33 meV /atom), within the range of values we found for
undamaged tubes (0.14-0.2 J/m?) and in good agreement
with theoretical predictions [2,3,28]. According to Eq. (1),
the presence of static shear force, dependent on overlap
length, would give rise to a length-dependent total force.
The pullout force shows no observable length variation,
indicating that the static shear strength is lower than
0.04 MPa, even in tubes severely damaged by irradiation.
Mechanical dissipation is therefore mainly due to the
presence of externally induced defects leading to instabil-
ities in motion. In the absence of mechanical instabilities,
atomic friction, dependent on the contact area, is dramati-
cally suppressed. Such suppression of friction was first
reported for NaCl surfaces in ultrahigh vacuum [29].

Our measurements of interlayer forces provide new in-
sights into the fundamental properties of interlayer inter-
action in MWNTs. Van der Waals interaction between
neighboring layers of MWNTs is strongly modulated by
defects that are inevitably introduced during nanotube
growth, yet the motion exhibits ultralow friction. Sliding
nanotubes also have the surprising ability to absorb in-
duced damage by a self-healing mechanism that preserves
the absence of detectable mechanical dissipation.
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