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Direct atomistic observation of deformation in multiwalled carbon nanotubes
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The deformation process of individual multiwalled carbon nanotubes was directly observed by time-resolved
high-resolution transmission electron microscopy using a piezo-driving specimen holder at a spatial resolution
of 0.2 nm and a time resolution of 1/60 s. High elasticity and the subsequent atomistic damage process of the
nanotubes were demonstrated.@S0163-1829~99!13503-3#
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Since the discovery of the carbon nanotube as a structu1

its mechanical properties have been investigated for tech
logical applications to elements of nanometer-structu
composites or electronic devices. The high flexibility of t
nanotubes was shown by atomic force microscopy~AFM!.2

Young’s modulus in the terapascal range was also meas
based on observations of small thermal vibration of the i
lated nanotubes.3 However, other kinds of fundamental me
chanical properties, such as the elastic limit, plasticity, a
fatigue, are still unknown. The atomistic structural dynam
during deformation has been studied in relation to this pr
lem. The deformation process was simulated using molec
dynamics,4,5 and the bending structures were observed a
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the deformation by static high-resolution transmission el
tron microscopy~HRTEM!.6–8 The present time-resolve
HRTEM at a spatial resolution of 0.2 nm and a time reso
tion of 1/60 s using a piezodriving specimen holder9,10 en-
ables us to make direct atomistic observations of the de
mation process of individual nanotubes. High elasticity a
the subsequent atomistic damage process are demonstra
this study.

Multiwalled carbon nanotubes were obtained by arc d
charge using two graphite carbon electrodes in argon at
3104 Pa. The specimens were aggregates of carbon n
tubes and onion-structured fullerenes. The aggregates w
fixed on the specimen mounts of the mobile and fixed si
val of the
FIG. 1. Time-sequence series of bright-field images of the elastic deformation process of a carbon nanotube. The time inter
images is 6 s.
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FIG. 2. Time-sequence series of high
resolution images othe fatigue process of a c
bon nanotube after several repeated elastic de
mations. The time interval of the images is 6 mi
The images were recorded after stress reli
Relatively lower magnification images are show
in the upper column. ArrowA shows an inner
wall. Enlarged images of the compressive a
tensile regions indicated by arrowsB andC in the
upper column are shown in the lower left an
right columns, respectively. The bending angl
are 0°~a!, 21° ~b!, and 31°~c!.
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of the piezodriving specimen holder9,10 for the atomic scale
mechanical tests. A carbon nanotube, which protruded fr
the aggregate on the fixed side, was compressed at r
temperature by piezodriving using the tip on the mobile si
in a 200-kV high-resolution transmission electron micr
scope equipped with a LaB6 thermionic gun~JEOL: JEM-
2010!. Time-resolved HRTEM observations were simult
neously carried out. A silicon integrated target televisi
camera~LHESA: LH-4036! and a S-VHS-type video tape
recorder with two digital frame memories were employed f
the dynamic observations in addition to a conventional film
recording system. The time-sequential images recorded
video tape in this work were obtained by averaging fo
video frames using a digital frame image-processing syst
~Japan Avionics: Image Sigma!. The time resolution of the
present system was 1/60 s, corresponding to the time for
of a frame~one field! of the image in the NTSC TV system
The electron-beam irradiation density ranges from 1 to
3104 A/m2. The pressure around the specimen in the el
tron microscope was around 231025 Pa. The spherical ab-
erration constant of the objective lens in the microscope w
0.5 mm, and the point-to-point resolution at 200 kV wa
0.19 nm.

Figure 1 shows a time sequence series of bright-field i
ages for the deformation process in a carbon nanotube.
internal and external diameters and length of the nanot
are 5, 28, and 660 nm, respectively. First, the external sh
of the nanotube is straight@Fig. 1~a!#. The tip of the nanotube
on the fixed side contacts with the processing tip of the c
bon aggregate on the mobile side. The processing tip is s
sequently displaced along the same direction, and the st
is applied to the nanotube resulting in it being bent at
angle of more than 90°@Figs. 1~b!–1~d!#. The initial buck-
ling force was calculated later. The processing tip is th
displaced along the opposite direction@Fig. 1~e!#. The exter-
nal shape of the nanotube recovers after the stress is relie
@Fig. 1~f!#. The process of stress loading and relieving w
repeated a few times and the external shape recovered.
observation shows clearly that the nanotube deforms ela
cally up to a high bending angle of over 90°.

After such repeated deformations, the nanotubes did
recover, even though they were bent within the elastic lim
fatigue occurs during the elastic deformation. Figure 2 sho
a time-sequence series of high-resolution images of the
tigue process of a carbon nanotube. The internal and exte
diameters and length of the nanotube are 4, 27, and 300
respectively. The number of walls is 32. The atomic layers
the nanotube are distorted due to the repeated elastic de
mation though its external shape is straight@Fig. 2~a!#. The
processing tip is displaced through the same process as
repeated elastic deformation; similar stress is applied a
relieved. The nanotube remains bent after the stress is
lieved @Fig. 2~b!#. The atomic layers on the compressive si
are wavy while those on the tensile side are beginning
,
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break. In particular, a larger localized depression occurs
the compressive side as indicated by arrowB in Fig. 2~b!
beside a small inner wall@Fig. 2~a!, arrow A#. This shows
that the inner wall contributes to the increase in bend
strength. At the outer side of the depression, a larger bre
age occurs@Fig. 2~b!, arrowC#. The depression on the com
pressive side and the breakage on the tensile side bec
larger after the stress loading and relieving is repeated o
again@Fig. 2~c!#. The columnar void along the central axis
collapsed at the depression. The bending angle in Fig. 2~c! is
larger by 10° than that in Fig. 2~b!.

The applying force at the initial stage in the present d
formation, i.e., Euler’s bucking forcePEuler is estimated us-
ing the formula11

PEuler5p2EI/l2,

whereE is Young’s modulus,I is the stress moment over th
cross section of the nanotube, andl is the length of the nano
tube.E was measured to be from 0.40 to 3.11 TPa for
nanotubes of various lengths and diameters.3 In their mea-
surements, the shape of a nanotube of 6.6 nm in inner di
eter, 24 nm in external diameter, and 5.8mm in length is
similar to those of the present nanotubes.E was 0.59 TPa for
the nanotube. We selectedE50.59 TPa for the similarity in
the shape.I is expressed as

I 5p~d2
42d1

4!/64,

whered1 and d2 are the internal and external diameters
the nanotube, respectively.I is 3.0310232 and 2.6
310232m4 for the nanotubes in Figs. 1 and 2, respective
As a result,PEuler is estimated to be 431027 N for the nano-
tube in Fig. 1 and 231026 N for the nanotube in Fig. 2.

For comparison, we estimatePEuler for graphite whiskers.
E was measured to be 0.7 TPa.12 PEuler for the whisker is 2
31026 N when the shape is the same as that of the nano
in Fig. 2. Thus both values ofPEuler are in the same order.

In conclusion, it was found that~1! nanotubes can be ben
elastically up to a high angle; and~2! the fatigue of a nano-
tube occurs due to the distortion of atomic layers in the en
region, the waving and depressions of the layers on the c
pressive side, and the breakage of the layers on the te
side. The high elasticity can be harnessed for use in scan
tips of AFM and elements of nanometer-structured materi
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