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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 demonstrat¢80163-18209)13503-3

Since the discovery of the carbon nanotube as a strutturethe deformation by static high-resolution transmission elec-
its mechanical properties have been investigated for technaron microscopy(HRTEM).5~® The present time-resolved
logical applications to elements of nanometer-structuredHRTEM at a spatial resolution of 0.2 nm and a time resolu-
composites or electronic devices. The high flexibility of thetion of 1/60 s using a piezodriving specimen hofd@ren-
nanotubes was shown by atomic force microscopyM).>  ables us to make direct atomistic observations of the defor-
Young’s modulus in the terapascal range was also measuredation process of individual nanotubes. High elasticity and
based on observations of small thermal vibration of the isothe subsequent atomistic damage process are demonstrated in
lated nanotubeHowever, other kinds of fundamental me- this study.
chanical properties, such as the elastic limit, plasticity, and Multiwalled carbon nanotubes were obtained by arc dis-
fatigue, are still unknown. The atomistic structural dynamicscharge using two graphite carbon electrodes in argon at 1.3
during deformation has been studied in relation to this probx 10* Pa. The specimens were aggregates of carbon nano-
lem. The deformation process was simulated using moleculaubes and onion-structured fullerenes. The aggregates were
dynamics?® and the bending structures were observed aftefixed on the specimen mounts of the mobile and fixed sides

FIG. 1. Time-sequence series of bright-field images of the elastic deformation process of a carbon nanotube. The time interval of the
images is 6 s.
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FIG. 2. Time-sequence series of high-
resolution images othe fatigue process of a car-
bon nanotube after several repeated elastic defor-
mations. The time interval of the images is 6 min.
The images were recorded after stress relief.
Relatively lower magnification images are shown
in the upper column. ArrowA shows an inner
wall. Enlarged images of the compressive and
tensile regions indicated by arrol8sandC in the
upper column are shown in the lower left and
right columns, respectively. The bending angles
are 0°(a), 21° (b), and 31°(c).
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of the piezodriving specimen holdéf for the atomic scale break. In particular, a larger localized depression occurs on
mechanical tests. A carbon nanotube, which protruded fronthe compressive side as indicated by arrBwn Fig. 2(b)

the aggregate on the fixed side, was compressed at roobeside a small inner wallFig. 2(a), arrow A]. This shows
temperature by piezodriving using the tip on the mobile sidghat the inner wall contributes to the increase in bending
in a 200-kV high-resolution transmission electron micro-strength. At the outer side of the depression, a larger break-
scope equipped with a LaBhermionic gun(JEOL: JEM-  age occurgFig. 2(b), arrowC]. The depression on the com-
2010. Time-resolved HRTEM observations were simulta-pressive side and the breakage on the tensile side become
neously carried out. A silicon integrated target televisionlarger after the stress loading and relieving is repeated once
camera(LHESA: LH-4036 and a S-VHS-type video tape again[Fig. 2.c)]. The columnar void along the central axis is
recorder with two digital frame memories were employed forcollapsed at the depression. The bending angle in Fgy.i@

the dynamic observations in addition to a conventional film-larger by 10° than that in Fig.(B).

recording system. The time-sequential images recorded on The applying force at the initial stage in the present de-
video tape in this work were obtained by averaging fourformation, i.e., Euler's bucking forcBge is estimated us-
video frames using a digital frame image-processing systering the formuld®

(Japan Avionics: Image SigmaThe time resolution of the

present system was 1/60 s, corresponding to the time for half Peuer= mEIN?,

of a frame(one field of the image in the NTSC TV system. (yvhereE is Young’s modulus] is the stress moment over the

The electron-beam irradiation density ranges from 1 1o 3 cross section of the nanotube, drid the length of the nano-
X 10* A/m?. The pressure around the specimen in the elec; ; 9

. 5 . tube. E was measured to be from 0.40 to 3.11 TPa for the
tron microscope was around<2l0™ > Pa. The spherical ab-

erration constant of the objective lens in the microscope Waganotubes of various lengths and diametets.their mea-

0.5 mm, and the point-to-point resolution at 200 kV Wassurements, the shape of a nanotube of 6.6 nm in inner diam-

0.19 nm eter, 24 nm in external diameter, and Su# in length is

B . . . .. similar to those of the present nanotubgsvas 0.59 TPa for
Figure 1 shows atime sequence series of bright-field imy, "\t he We select@0.59 TPa for the similarity in
ages for the deformation process in a carbon nanotube. Tr}ﬁe shapel is.ex ressed as ' y
internal and external diameters and length of the nanotube P P
are 5, 28, and 660 nm, respectively. First, the external shape I:w(d‘z‘—d‘l‘)/64,

of the nanotube is straighFig. 1(a)]. The tip of the nanotube
on the fixed side contacts with the processing tip of the carwhered,; andd, are the internal and external diameters of
bon aggregate on the mobile side. The processing tip is sukhe nanotube, respectivelyl is 3.0x10°%% and 2.6
sequently displaced along the same direction, and the stress10-32m? for the nanotubes in Figs. 1 and 2, respectively.
is applied to the nanotube resulting in it being bent at ams a resultPe, is estimated to be % 10~ 7 N for the nano-
angle of more than 90fFigs. 1(b)—1(d)]. The initial buck-  tybe in Fig. 1 and X107 N for the nanotube in Fig. 2.
Ilng force was calculated 'Iater.. Th_e processing tip is then o comparison, we estimaRy,, for graphite whiskers.
displaced along the opposite directidfig. 1(e)]. The exter- g \yas measured to be 0.7 TFaPg, e, for the whisker is 2
nal shape of the nanotube recovers after the stress is relieveg] -6 N when the shape is the same as that of the nanotube
[Fig. 1(f)]. The process of stress loading and relieving wasy, Fig. 2. Thus both values d?g,, are in the same order.
repeated a few times and the external shape recovered. This |, conclusion, it was found thal) nanotubes can be bent
observation shows clearly that the nanotube deforms e""‘Stblastically up to a high angle; ar(@) the fatigue of a nano-
cally up to a high bending angle of over 90°. _ tube occurs due to the distortion of atomic layers in the entire
After such repeated deformations, the nanotubes did nQggion, the waving and depressions of the layers on the com-
recover, even though they were bent within the elastic limit;yressive side, and the breakage of the layers on the tensile
fatigue occurs during the elastic deformation. Figure 2 showsjge. The high elasticity can be harnessed for use in scanning

a time-sequence series of high-resolution images of the faiy5 of AFM and elements of nanometer-structured materials.
tigue process of a carbon nanotube. The internal and externa

diameters and length of the nanotube are 4, 27, and 300 nm, The author would like to thank Kaori Hirahara, a graduate
respectively. The number of walls is 32. The atomic layers ofof Nagoya University, for help with photograph preparation,
the nanotube are distorted due to the repeated elastic defand Mikio Naruse and Shunji Deguchi of JEOL Ltd. for
mation though its external shape is straiffiig. 2(@)]. The  cooperation in developing the piezodriving specimen holder.
processing tip is displaced through the same process as tlénancial support was provided for the present study by
repeated elastic deformation; similar stress is applied anfEPCO Research Foundation, Kawasaki Steel 21st Century
relieved. The nanotube remains bent after the stress is ré&oundation, and the Sumitomo Foundation. The present
lieved[Fig. 2b)]. The atomic layers on the compressive sidestudy was partly supported by a Grant-In-Aid from the Japa-
are wavy while those on the tensile side are beginning taese Ministry of Education, Science and Culture.
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