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We report that kink motion is a universal plastic deformation mode in all carbon nanotubes when being
tensile loaded at high temperatures. The kink motion, observed inside a high-resolution transmission
electron microscope, is reminiscent of dislocation motion in crystalline materials: namely, it dissociates
and multiplies. The kinks are nucleated from vacancy creation and aggregation, and propagate in either a
longitudinal or a spiral path along the nanotube walls. The kink motion is related to dislocation glide and
climb influenced by external stress and high temperatures in carbon nanotubes.
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The tensile strength of carbon nanotubes is at least 10
times stronger than that of steel [1–9]. Therefore they are
considered to be ideal reinforcement agents to strengthen
and toughen ceramics and polymers [10–12]. Despite their
important applications, the early theoretical prediction of
plasticity in nanotubes has been lacking experimental evi-
dence for almost a decade [13–16]. It was not until recently
that plastic deformation in single walled carbon nanotubes
was observed experimentally when they were tensile
loaded at high temperatures caused by high bias voltages
[17]. It was suggested that kink motion might contribute to
the superplasticity in single walled carbon nanotubes [17];
however, it was unclear whether kink motion was a uni-
versal plastic deformation mode in all nanotubes.
Furthermore, the physics behind the kink motion was not
understood. In this Letter, we assert that kink motion was a
universal plastic deformation mode in all nanotubes when
they were tensile loaded at high temperatures. The multi-
plication, dissociation, and screw motion of kinks in nano-
tubes are reported here for the first time. We suggest that
kink motion is related to dislocation glide and climb in
carbon nanotubes.

Our experiments were conducted inside a high-
resolution transmission electron microscope (HRTEM) in-
tegrated with a Nanofactory TEM-STM (scanning tunnel-
ing microscope) system. The STM probe can be mani-
pulated to contact individual nanotubes in the HRTEM,
thus allowing for simultaneous structure and electrical/
mechanical property studies [17–19]. Individual single-,
double-, or multiwalled carbon nanotube (S/D/MWCNT)
sections were produced by electrical breakdown of
MWCNTs [18], which were then subjected to tensile-
loading experiments at a constant bias voltage [17]. It
has been shown that the nanotubes were Joule heated to
temperatures higher than 2000 �C at high bias voltages
[17–19]. When tensile stressed at such high temperatures,

we discovered kink motion as a universal plastic deforma-
tion mode in all kinds of nanotubes including S/D/
MWCNTs.

Figure 1 shows kink motion in a SWCNT. The first kink
was formed on the upper-right wall, and was then propa-
gated straightly downward with a velocity of 1:7 nm=s,
and finally it vanished at the lower-right contact
[Figs. 1(a)–1(d), movie M1 [20] ]. Just before the vanish-
ing of the first kink, a second kink was formed on the left
wall, and migrated progressively downward [Figs. 1(e)–
1(h), movie M2 [20] ]. Interestingly, the kink was multi-
plied from one [Fig. 1(e)] to two [Fig. 1(f)] during the
propagation, a behavior reminiscent of the dislocation
multiplication in crystalline materials [21]. Extremely
large kinks were frequently observed [Figs. 1(i) and
1(j)], which appeared to be rather unstable and dissociated
into two smaller kinks [Figs. 1(j) and 1(k)], a process
analogous to the dissociation of perfect dislocations into
partial ones. The sharp kink could not propagate to the
lower contacts and was pinned in the middle, leading to
early necking and failure of the SWCNT [Fig. 1(m)]. Once
a kink was swept by, the diameter of the nanotube was
reduced permanently. After successive kink motions, the
diameter of the nanotube was reduced from 8.7 nm
[Fig. 1(a)] to 1.9 nm [Fig. 1(l)] [22], leading to a continu-
ous current drop (from 100 �A [Fig. 1(a)] to 0 �A
[Fig. 1(m)]).

Kink motion was also frequently observed in tensile-
loaded DWCNTs (Fig. 2). A kink first was formed near the
middle-left wall and was propagated with a velocity of
6 nm=s upward [Figs. 2(b)–2(e)]. Once the kink was swept
by, the diameter of the nanotube was reduced instantane-
ously from 6.45 to 5.85 nm, forming a nanotube junction
with the circumference difference between the two con-
stituent nanotubes being 8b, where b is the magnitude of
the Burgers vector 1=3h1120i in a graphene sheet. The kink
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disappeared after traveling 35 nm along the nanotube walls
[Figs. 2(b)–2(f)]. Before the disappearance of the first
kink, a second kink was formed on the lower-right walls,
and also was propagated upward [Figs. 2(e) and 2(f)].
Notably, all the kinks were formed and propagated
straightly at the same side of the nanotube walls.

Figure 3 shows kink motion in a MWCNT (movie M3
[20]). A kink was formed on the lower-right wall, and was
then propagated upward at a velocity of 0:7 nm=s.
Remarkably, after traveling 11 nm, the kink changed its
propagation direction from a longitudinal [Figs. 3(a) and
3(b)] to a spiral path [Figs. 3(c)–3(e)] upward, mimicking
a screw motion. As it advanced in a spiral path, the kink
switched from the right [Fig. 3(c)] to the left wall
[Fig. 3(e)]. The kink dissociated into two kinks
[Figs. 3(f) and 3(g)] after it moved to the left wall. The
two kinks advanced simultaneously upward, but their spac-
ing became shorter. It was also noted that the right side of
the innermost wall was detached as the kink advanced.
Nevertheless, the kinks moved collaboratively along the
different walls.

The kink-mediated plasticity indicates that nanotubes
are ductile at high temperatures. We emphasize the impor-
tance of high temperatures on the plastic deformation of
nanotubes. We did not observe kink motion in nanotubes
when they were tensile stressed at room temperature.

The kink motion can be interpreted in terms of a dis-
location mechanism. Each kink is associated with one or
several unit dislocations with a Burgers vector of
1=3h1120i. A graphene wall of a SWCNT has three sets
of crystallographicly equivalent glide planes (B1, B2, and
B3 [Fig. 4(a)]). The Burgers vectors of perfect dislocations
(b1, b2, and b3 [Fig. 4(a)]) are also located in the three sets
of glide planes. The core of a unit dislocation is a 5=7 pair
[Fig. 4(b)]. Such a dislocation was indeed observed by
HRTEM recently [23]. When the graphene sheet with an
edge dislocation [Fig. 4(b)] is wrapped up, it forms a
nanotube junction with the index of the two constituent
nanotubes being (n, m) and (n, m� 1) or (n� 1, m), with
the extra half lattice plane in the (n, m) nanotube
[Fig. 4(c)]. Because the two nanotubes have different
diameters, a kink forms in the junction [Fig. 4(c)]. As the
Burgers vector of the dislocation is inclined to the tube
axis, the kink moves in a spiral path along the nanotube
axis. HRTEM images show that most kinks are propagated
in a longitudinal direction [Figs. 1, 2, 3(a), and 3(b)] rather
than in a spiral path [Figs. 3(c)–3(e)], implying that the
motion does not always follow the close-packed planes.
Thus the kink motion might occur via a dislocation climb
mechanism induced by vacancy diffusion. According to
this kink model (Fig. 4), once a kink passes by, the diame-
ter of the nanotube is reduced by a quantum number, and

FIG. 2. Kink motion in a DWCNT under tensile stress at 2.3 V
and 60 �A. The tensile strain was 10% and the strain rate was
0:7 nm=s. Polarity: positive at top, negative at bottom.
Arrowheads point to the kinks. The diameter of the initial
DWCNT (a) was uniform. A kink was emitted from the
middle-left wall at 2 s (b), and the kink then migrated with a
velocity of 6 nm=s upward (c)–(e). A second kink was emitted
from the lower-right wall and migrated upward.

FIG. 1 (color online). Kink motion in a SWCNT. The SWCNT
was tensile stressed at 2.8 V bias voltage. The current flowing in
the SWCNT was reduced continuously from 100 to 0 �A. The
tensile strain was 17%, and the strain rate was 0:02 nm=s.
Polarity: positive at the top and negative at the bottom of the
SWCNT. Sketches in the figures show the change in the shape
and position of the kinks. The velocity of the kink motion ranges
from 0.2 to 1:7 nm=s. Arrowheads point to the kinks: (a)–
(d) kink motion at the right side of the nanotube wall
(movie M1 [20]); (e)–(h) kink motion at the left side of the
nanotube wall (movie M2 [20]). In (f), kink multiplication
occurred; (i)–(l) motion of a giant kink. The giant kink was
dissociated into several smaller kinks in (k) and (l). Necking
occurred in (k) and (l), leading to the failure of the carbon
nanotube (m).
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the chiral index of the nanotube is changed from (n, m) to
�n� 1; m�=�n;m� 1�.

Our observation of kink motion overall is remarkably
consistent with Yakobson’s theoretical prediction [13–15],
in which a Stone-Wales transformation initiates a 5-7-7-5
defect [24], which is the core of a dislocation dipole. Under
stress, the two dislocations in the dislocation dipole glide
towards opposite directions in a spiral path along the nano-
tube. However, we also noted two disadvantages in
Yakobson’s model. First, according to Yakobson’s model,
one should always observe two kinks moving in the oppo-
site directions simultaneously, which is not consistent with
our experimental results showing that only one kink was
observed each time. Second, it is difficult to explain the
longitudinal kink motion in Yakobson’s model. To address
the above two issues, our kink model involves only one
dislocation, meaning that only one kink should be observed
each time, and this feature of our model solves the ‘‘two-
kink’’ paradoxes in Yakobson’s model. Our model also
explains satisfactorily our experimental observations of
both the longitudinal and screw motions of kinks, which
originate from dislocation climb and dislocation glide,
respectively. The problem with Yakobson’s model origi-
nates from the fact that it neglects vacancy diffusion and

dislocation climb, which dominate the high temperature
mechanical behavior of nanotubes, as shown by our
experiments.

Vacancies and interstitials are very active at high tem-
peratures, and these defects tend to aggregate to form
dislocation loops in a graphene sheet [25–27] and are
very likely to aggregate to form a kink in a nanotube.
However, the way that the vacancy aggregates differs sig-
nificantly in graphite from that in nanotubes. Namely, in
the former, the vacancies aggregate in the (0002) planes to
form dislocation loops with a Burgers vector in the c-axis
direction; in the latter, the vacancies aggregate in the
(1120) or other prismatic planes to form dislocations
with Burgers vectors within the graphene plane (or cylin-
drical surface of the nanotubes). The reason for the differ-
ent vacancy aggregation behavior may be attributed to the
different experimental conditions. In our experiments, the
vacancy diffusion was influenced by the external stress.
Once nucleated, the kink was driven to advance by the
external stress and high temperatures. Since the atoms
around the kink were heavily stressed, they were very
likely to evaporate at high temperatures, which then gen-
erated vacancy rows around the kink. Atom reconstruction
resulted in the advance of the kink. The kink motion

FIG. 3 (color online). Kink motion in a five-walled nanotube under tensile stress at 2 V and 100 �A (movie M3 [20]). The tensile
strain was 3% and the strain rate was 0:04 nm=s. Polarity: positive at top, negative at bottom. The kink was emitted from the lower-
right wall (a) and then propagated upward with a velocity of 0:7 nm=s (b),(c). Note that the kink propagation directions changed from a
longitudinal (a),(b) to a spiral way upward (c)–(e), as predicted by a dislocation glide mechanism [13–15]. Line sketches highlight the
change of kink shapes and positions. The sketch in (d) shows the spiral motion of the kink.
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process was very similar to that of vacancy diffusion driv-
ing dislocation climb in crystalline materials. Note that the
kink motion was not driven by electromigration or by an
electric field, since even under the same polarity in the
same tube, we found kink propagation occurring in oppo-
site directions. We thus conclude that the kink motion was
driven by high temperatures and external stress.
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FIG. 4 (color online). (a) The dislocations in a graphite sheet.
B1, B2, and B3 are the three sets of glide planes, and b1, b2, and
b3 are the Burgers vectors of the three perfect dislocations. a1

and a2 are the basis vectors for the (n, m) indexing of the
nanotubes. (b) An edge dislocation with a Burgers vector of
b2 in a graphite sheet. The core of the edge dislocation is a 5=7
pair. The edge dislocation was formed by removing half a row of
atoms from the graphene sheet. (c) A nanotube junction was
formed by wrapping up the graphene sheet in (b). Note the
dislocation moves in a spiral way along the nanotube axis, as
observed in Figs. 3(c)–3(e) and sketched in the inset of Fig. 3(d).
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