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Molecular dynamic calculations of pullout in multiwall carbon nanotubes(CNTs) demonstrate that inner
walls with fractured ends have pullout forces,3−4 times larger than those for capped ends, due to deforma-
tion of the fractured end, quantitatively accounting for experiments. Under pressure, Amonton’s law applies to
an area of contact at the fractured end, withm=0.13–0.33. Defects in the CNT walls affect the force, sug-
gesting a mechanism for the observed stick-slip behavior and an increase of pullout force with decreasing
embedded length. The results have implications for CNT composite strength and toughness.
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Carbon nanotubes(CNTs) are attractive as high-
performance nanoscale reinforcements owing to their ex-
tremely high stiffness and high strength. Significant enhance-
ments in stiffness, strength, and fracture toughness have been
reported for polymers, metals or ceramics composites con-
taining small volume fractions of CNTs.1–5 An important is-
sue in CNT composites is load transfer between matrix and
CNTs, and between walls of multiwall CNTs. Load transfer
plays several roles; most important are its effects on compos-
ite strength and toughness. Assuming frictional sliding with
an interfacial sliding stresst acting along the entire embed-
ded length of a fracture fiber, the tensile strength and work-
of-fracture scale ast−1/m and t−m−1/m+1, respectively, where
m is the Weibull modulus describing the statistical distribu-
tion of nanotube strengths.6 Therefore, independent of the
reference nanotube strength(e.g., average tensile strength at
some specified gauge length), composite strength depends on
the strength and nature of the friction, and can approach zero
for low t, while the work of fracture could be large. The
precise origins of CNT sliding behavior and the magnitude
of the sliding force are thus key to understanding and opti-
mizing CNT/composite behavior.

Here, we consider the sliding behavior of multiwall CNTs
with the inner wall(s) broken and being pulled out of the
outer walls. This “sword-and-sheath” deformation is of inter-
est in its own right,7–10but can also be viewed as a composite
system wherein the outer walls represent a matrix material
surrounding a broken nanotube. We demonstrate that the
“frictional” sliding in fractured CNTs is not frictional in na-
ture because:(i) the force to pull out the inner walls of a
multiwall CNT (MWCNT) is independent of the embedded
length and(ii ) the force is controlled by deformations at the
embedded “fractured” end of the inner nanotube walls. Issue
(i) also applies to capped-end nanotubes, due to the change
in surface energy as smooth graphiticlike walls are pullout.
However, for fractured nanotubes, a critical force is required
to pull the fractured walls ends through the outer wall(s).
Our results are in quantitative agreement with explicit ex-
periments on the direct pullout of inner CNT walls from
outer CNT walls. We also show that a uniform applied lateral
force (normal pressure) on the outer CNT wall leads to a
large increase in the pullout force for fractured tubes, from
which a true local friction coefficient can be obtained, and
that local regions of pressure or defects in the outer wall lead

to large variations in the pullout force as the fractured end of
the inner wall slides by the local anomaly. This suggests that
statistical defects in the MWCNTs can cause the stick-slip
behavior and increasing sliding resistance with decreasing
embedded length, as observed experimentally.

Molecular dynamics has been used extensively to study
nanotube deformation and pullout. Qianet al.have predicted
the load transfer between CNT bundles11 while Frankland
and Harik analyzed the pullout force of CNTs from a poly-
mer matrix.12 Based on molecular dynamics simulations,
MWCNTs have been proposed as gigahertz nanooscillators
or nanoscale damped springs10,13 Sliding of multiwall nano-
tubes has been considered within the context of nanobear-
ings, but nanotube pullout and the influence of pressure and
defects have not previously been studied.

Here, the molecular dynamics(MD) method was used to
simulate nanotube pullout for a variety of geometries at near-
zero temperature. Double-wall MWCNTs in the zigzag and
armchair configurations were generated, with the inner wall
tube protruding out from the end of the outer wall. The em-
bedded end of the inner wall was either capped, by connect-
ing dangling C bonds appropriately, or fractured(see Fig. 1).
Inner nanotube diameters of aboutd=1−5 nm andtypical
lengths ofL=8−10 nmwere used for most of the calcula-
tions but other lengths and multiwall nanotubes were also
studied. The Tersoff-Brenner potential was used to represent

FIG. 1. Multiwall CNT pullout geometries for(a) fractured and
(b) capped-end inner nanotube walls. Note outward splaying of the
fractured nanotube ends.
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the intrawall CuC bonding.14 The interwall interaction was
modeled by a Lennard-Jones potentialEsrd=4efsr0/ rd12

−sr0/ rd6g with r0=3.468 Å ande=2.86 meV, a model used
successfully in C60 interactions and adequate for our
purposes.15 The range of this potential was taken as 20 nm so
that the long-range effects of the van der Waals potential
were appropriately included. Note that there is no direct
CuC bonding across the nanotube walls in any cases stud-
ied here. In the simulation, the inner tube was pulled out in
displacement increments of 0.1 Å, with relaxation to equilib-
rium at a temperature of 0.05 K after each increment, by
moving the last four rings at the exposed end of the inner
nanotube rigidly as a unit. Similar conditions were imposed
on the exposed end of the outer nanotube(Fig. 1). A radial
normal pressurep was applied in some cases to assess fric-
tional sliding. For a given applied displacement of the inner
nanotube wall, we measure the applied pullout forceF and
calculate the pullout stresss=F /A, whereA is the effective
cross section of the inner tube,A=pd/ t with t=3.44 Å the
nominal interwall spacing.

Figure 2 shows the measured pullout stress as a function
of sliding distance for defect-free armchair and zigzag nano-
tubes. After an initial loading portion, a “sliding” regime
ensues as the inner wall is gradually pulled through the outer
wall. In the sliding regime, there is no dependence of the
pullout stress on the embedded length or the number of walls
and, moreover, there is a markedly different magnitude of the
pullout force for the different end conditions: The “frac-
tured” end exhibits a pullout force 3−4 times larger than that
of the capped end for both types of nanotubes. The average
pullout forces associated with the capped end nanotubes are
essentially equal to the(slightly diameter-dependent) surface
energy, as verified by our independent calculations and as
anticipated by previous work.10,16The larger forces obtained
for the fractured ends are due to the interaction of the
splayed fractured end(Fig. 1) as it is dragged through the
outer nanotube. This can be seen explicitly by the large peaks
in the distribution of stresses along the nanotubes and by the
radial displacements of the outer nanotube around the frac-

tured embedded end. Note that the initiation of slip, and
associated “friction,” is independent of how the excess en-
ergy is subsequently dissipated.Thus, the “sliding” friction
behavior in fractured MWCNTs is not frictional at all: It is
controlled by a maximum shear strength for sliding of the
inner fractured end defect against the outer walls.

The calculated pullout forces for the various nanotube
types and end conditions are shown versus nanotube diam-
eter in Fig. 3. The capped end case shows a linear depen-
dence on diameter(constant stress), as expected. The frac-
tured end case also shows a linear trend with diameter but
with some variations: Armchair CNTs increase slower than
linearly and zigzag CNTs increase faster. For double-walled
CNTs, the splayed end of larger diameter zigzag nanotubes
undergoes a buckling behavior, leading to a decreased pull-
out force once the fractured end enters the outer nanotube;
the peak force before steady state force and after buckling
are both shown in Fig. 3. For tripled-walled tubes with two
inner walls fractured, buckling is suppressed; this buckling
will be the subject of future work. Using the linear extrapo-
lation of the small diameter nanotube simulations, i.e., as-
suming a constant pullout stress, we can compare our(qua-
sistatic) MD results against the experimental data on pullout
reported by Akita and Nakayama9 and Yuet al.,8 obtained at
slow pullout rates. In Akita’s experiments,d=5 nm and the
outer layers of MWCNTs were pulled from an end-capped
inner walls with a constant force of 4.2 nN. Our calculation
for the capped nanotubes, scaled to the experimental diam-
eter, is 5.1 nN(Fig. 3), in agreement with experiment and
consistent with previous calculations and measurements for
capped end sliding.7,9,10 The experiments by Yuet al. are
similar to those by Akita and Nakayama, but the nanotubes
are large in diameter and the outermost shells were broken
by extension. The data of Yuet al. are also shown in Fig. 3
and agree well with the predictions for thefractured-end
nanotubes.Our calculations thus quantitatively rationalize
the notable differences in pullout forces between the two sets

FIG. 2. Pullout stress versus pullout length, for various nano-
tubes and applied pressures(L=9.6 nm, inner wall diameter
=1 nm).

FIG. 3. Pullout force versus nanotube diameter for fractured and
capped inner nanotube walls, as obtained by MD(triangles: frac-
tured end; circle: capped end), as extrapolated using a diameter-
independent pullout stress(dashed lines), and by experiment(Akita
and Nakayama(Ref. 9) solid square; Yuet al. (Ref. 8): solid dia-
mond). ZZ: zigzag, AC: armchair.
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of data: One set corresponds to capped ends and the other to
fractured ends.

For the fractured-end nanotube case expected to be rel-
evant in composites, the pullout force is controlled by me-
chanical interlocking of the end defect with the outer walls
or surrounding matrix material. In realistic composites, the
nanotube/matrix interface may be rough, wavy, or defective.
We have thus performed several calculations to demonstrate
the effects of such complications on the pullout stress.

Figure 2 shows typical results of the pullout stress under
an applied radial pressurep. For the capped nanotubes, there
is essentially no pressure effect, indicating nearly zero fric-
tion coefficient and consistent with prior work.7,9,10 For the
fractured nanotubes, however, the pullout stress rises linearly
with applied pressure. The pressure effect is thus also con-
trolled by the fractured end, and leads to a traditional “slid-
ing friction” over a small region near the end of the tube,
Fi=F0i+mF'. The friction is consistent with Amonton’s law
t=t0+mp, if the “area of contact” is confined to a width w at
the fractured endft=Fi / spdwd ,p=F' / spdwdg. By analyz-
ing the deformation of the outer tube due to the splayed inner
fractured end, we estimate an effective interaction widthw
=4.1 Å, from which we then deduce a friction coefficient of
m=0.13 for the zigzag nanotube andm=0.33 for the arm-
chair nanotube. Note that(i) this friction only acts over the
width w and not over the entire embedded nanotube length
and (ii ) Amonton’s law is obtained nanoscopically without
the intervening absorbed layers needed for obtaining the law
macroscopically.17

The frictional behavior shown in Fig. 2 demonstrates that
the pullout stress will vary due to nonuniform pressure,
which we have simulated explicitly, and hence both stick-slip
behavior and increasing pullout force with decreasing em-
bedded length, can exist.

Mechanical interlocking of the embedded end with vari-
ous defects on the outer nanotube can also modify the pull-
out stress or force, and lead to the length-dependent friction
and stick-slip behavior observed by Yuet al. This was stud-
ied by introducing a circumferential array of Stone-Wales
5/7/7/5 defects into the outer wall,18 causing the wall to
become locally curved: concave for the armchair and convex
for the zigzag; again no CuC bond formation between
walls is permitted. Figure 4(curve C) shows the significant
pullout stress caused by 3 or 12 Stone-Wales defects inter-
acting with the inner fractured end in an armchair nanotube.
Interaction with an inner capped-end shows a significant de-
crease in the pullout stress, an effect not driven simply by
surface energy. For zigzag nanotubes, the pullout stress de-
creases rapidly as the inner fractured end encounters the dis-
locations, due to relief of the radial constraint. It is possible
that such defects could be dragged along with the end during
pullout, leading to rate and temperature-dependent forces,
but this phenomenon has not been investigated here since we
do not permit CuC bond breaking and reforming. The pull-
out stress can also be influenced by the interaction between
defects on the inner and outer walls, in the absence of any
interaction with the embedded end. Figure 4(curve A) shows
the pullout stress due to interactions between three Stone-
Wales defects on the outer wall and three vacancies on the
inner wall of an armchair CNT: When the vacancies slide

past the dislocations, the pullout stress increases. When the
voids are replaced by Stone-Wales defects, the pullout force
first drops but then increases(Fig. 4, curve B). In all cases,
there is an increase in the pullout stress at some point during
the pullout, which sets the stage for stick-slip behavior under
either constant force loading, or constant displacement load-
ing with large embedded lengths that store elastic energy.

The implications of these results for composite perfor-
mance are interesting. First, for the idealized composite con-
sisting of aligned nondefective nanotubes, the absence of a
traditional “frictional” sliding along the entire nanotube
length implies that there is no finitein situ gauge length at
which nanotube strength can be measured;6 the relevant
length is the longitudinal sample size and so the characteris-
tic nanotube strength tends toward zero as the sample size
increases. This situation is avoided if frictional sliding can
occur. However, lateral applied pressure does not lead to
standard frictional behavior, but rather only to frictional be-
havior near the end of the CNT. Our results suggest that
heterogeneity in the form of distributed defects and distrib-
uted lateral pressures acting on each of the CNTs in a col-
lection of aligned CNTs could lead to an effective frictionlike
behavior. Such a transition to macroscale friction remains to
be investigated. The enhanced load-carrying capability of the
fractured nanotubes as found here can be helpful for com-
posite strength and toughness. For a CNT area fractionf
(including the interior pore space), the minimum ultimate
strength is set by the pullout stress assmin

uts = fs4t / rd spullout,
which can be,1 GPa. The composite toughness is the
work per unit area required to pull the embedded CNTs
out of the matrix or surrounding walls, and is thus
W= fs4t / rd spulloutL, whereL is the embedded length after
nanotube fracture.

In summary, MD simulations of pullout of fractured inner
walls from the outer walls of a multiwall nanotube shows

FIG. 4. Pullout stress versus distance for a fractured defective
inner wall nanotube sliding within a defective outer wall nanotube,
for several types of defects on the outer wall(armchair). Pullout
stress varies as the fractured end(curve C), three vacancies(Curve
A), and three Stone-Wales defects(curve B), meet three Stone-
Wales defects in the outer wall, respectively.
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that the pullout force is dominated by end effects. Our results
explain varying experimental data on the pullout forces, both
qualitatively and quantitatively. Local pressure can generate
local frictional sliding, and distributed pressure or defects in
the nanotube walls can increase and decrease the pullout
force, depending on the defect geometry, permitting stick-
slip behavior as observed experimentally. This initial work
has a variety of implications for composite behavior that can

only be resolved by future work on the connections between
macroscale versus nanoscale friction, for which nanotubes
may represent a unique laboratory.
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