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ABSTRACT

By using controlled SPM manipulation, carbon nanotubes have been continuously bent into a series of increasing angles, and two distinct
buckling modes corresponding to “abrupt” and “gradual” buckle formation were observed through recording the height increment at the bend
site during the loading process. Molecular dynamics simulation also found the two buckling modes in different types of carbon nanotubes,
and their atomistic mechanism was revealed. Finally, the dependence of the critical buckling condition on diameters of carbon nanotubes was
tentatively studied.

The buckling behavior is a fundamental mechanical property to buckling at a critical bending angle accompanying a height
of carbon nanotubes (CNTSs). It is found that the electrical jump and the gradual transition with the height increasing
conductance and the effective bending modulus of CNTs will slowly. Using molecular dynamics (MD) simulations, the two
be significantly changed by the formation of a bucktéhis buckling modes are consistently reproduced in different types
makes a comprehensive understanding of the buckling of CNTs, and the atomistic mechanism of the two modes is
occurrence such as the buckling mode and critical buckling revealed. Furthermore, a special “dual-size” effect concerning
condition important for future applications of CNTs in the the important role of tubes thickness and diameter in
nanoelectromechanical system (NEMS) and superstrongdetermining their buckling modes was predicted. Finally, the
composite materiafs? Compared to the abundant theoretical dependence of the critical buckling condition on diameters
efforts concerning the buckling behavior of CNFs; the of carbon nanotube was tentatively studied.

direct experimental study is limited due to the small  a|l carbon nanotubes used in our bending experiments
dimension of CNTs. Although the existence of the buckle \yere grown directly on silicon (111) surfaces with a 200 nm
in bent single- and double-walled carbon nanotfibes the thick SiO, layer by chemical vapor deposition (CVD).
wavelike wrinkle in multiwalled carbon nanotubes (MWNT's) Briefly, Fe(OH); colloids hydrolyzed from FeGlvere spin-

has been determined by high-resolution transmission electroncqated onto silicon surfaces to act as the catalysts, and the
microscopy (HRTEM) and scanning probe microscopy carhon nanotube growth was carried out at 7Z5or 5 min
(SPM)?19the experimental report on the buckle formation \yith a flow of ethene at 10 standard cubic centimeters per
process and critical buckling condition and their dependence yinute (sccm) and hydrogen and argon at 600 sccm,
on tube structures is still limited. The Ii_mitation mainly lies respectively. The carbon nanotubes prepared using this direct
in the difficulty in controlled deforming of the carbon  gface growth are free from defects and contamination of

nanotubes. _ o amorphous carboH:12The diameter of the as-grown carbon
In the present study, the structure evolution of individual nanotubes is mainly in the range of2 nm with a few

carbon nanotubes in the bending process is systematicallygyceptions. For the bending test, straight ends of carbon
investigated through continuously bending the tubes to hanq1hes with different diameters were purposely chosen.
different angles by SPM manipulation. Measurements of the p|| carbon nanotubes here can be manipulated repeatedly

height change at the buckling site show two distinct buckling | ithout any cleavage. This proves that they are individual
modes: the abrupt transition from uniform elastic bending .,bon nanotubes rather than bundles.

* Corresponding authors. E-mail: jinzhang@pku.edu.cn (J.2); zfilu@  The SPM bending manipulation was conducted using a

pk?'ggﬁiﬁg E,Zhbé;rg}'tlg_uo@nuaa'w“'cn (W.G.). Nanoscope Ill SPM (Veeco) with specifically compiled

*Nanjing University of Aeronautics and Astronautics. software (see Supporting Information). Normally, the SPM

10.1021/nl062424i CCC: $37.00  © 2007 American Chemical Society
Published on Web 12/07/2006



segment was localized in a small region, which appeared as
the cross point of the fixed and moved part due to the AFM
resolution limitation'® We define the angle between the
manipulated part and its initial position as the bending angle
6, which is closely related with the curvature of the effective
bending region. By simply predefining the tip path during
manipulation, the bending angle could be controlled, which
made the observation of the structure evolution in the whole
bending process possible. The bending configuration was
maintained by the interaction between tubes and substrate.

Table a in Figure 2 shows the heights of the bend “point”
at different bending angles of this tube. An increment in
height was caused by the first manipulation t8.2ctually,
this elevation happened for the entire moved segment. This
can be seen from the section analysis in Figure 2c: in the
black profile, there was no difference in the height of the
bend “point” and the straight moved part, while in the red
profile, the height of the bend “point” was obviously larger
() R than that of the fixed part. The elevation of the moved part
caused by the first manipulation in fact occurred in all carbon
nanotubes we manipulated. In the following manipulation,
the straight manipulated part would remain at this elevated
height all the time. For the bend “point”, as long as the

Fix point 1

Effective =—tfixed part bending had not reached the critical buckling condition, this
bending region —"?DVed part _ elevated height would also remain constant. This height
. w—p | P'S path during increment may be caused by the interaction decrease between
Fix point 2 manipulation

the substrate and the manipulated CNTs segment compared

i . N to that between the substrate and the as-grown CNTs, as
Figure 1. Tapping-mode AFM height images of a carbon nanotube d by th ller f | ina-d dist f
bent to different angles. The angles between the initial and final proved by the smaller force (less pressing-down distance o

position of the moved part was defined as the bending afigle tip) needed to achieve the following manipulation than the
shown in panel c. In the top right corner of each image, the bending first manipulation. Because of the smaller interaction of
angles are shown. During the manipulation, the end segment hassybstrate with the moved part than with the fixed part, the
been pushed along the path shown by the white arrows. The o 4ing strain would propagate along the moved segment
direction and position of the tube end segment was determined by . . .
the tip’s path, which made it possible to control the bending angle. rather than the f'xe_d segment, and the Effe(.:t'v? bending
Scale bar: 50 nm. (e) Schematic figure of the detailed bending region would locate in the moved segment, which interacted
structure of carbon nanotubes. There is only vdW interaction with the substrate only by van der Waals (vdW) force. It
between the substrate and the moved part indicated by the bluenas been proved that this vdW interaction had no significant

line. influence on CNT buckling behavior, as discussed in the
was operated in tapping atomic force microscopy mode in following text. The schematip figure of the detailed bending
air. For a typical bending manipulation, the tip was pressed Structure can be found in Figure 1e.

down about 5-20 nm with the feedback switched off for an To take this elevation into account when studying CNT
optimal contact load at the tipsample interface. After that,  buckling behavior, for thé\H (increment in height) values,
the tip moved horizontally along a predefined straight path, except for the bending anglé @here it had been set as 0,
which had a small angle with the axis of the end segment other values at the bend “point” for all CNTs in this paper
that would be manipulated (as shown by the white arrow in were calculated by a comparison with the values after the
Figure 1) and pushed the end segment that had a typicalfirst manipulation (an average of the bend “point” heights
length of about 100 nm. Then the tip returned to the normal at all bending angles before buckling) rather than the initial
imaging distance, and the feedback was switched on to getheights. The plot of theé\H vs the bending angles for the
the images of the bent tub&s'*All the height measurement  tube with a diameter of 1.31 nm is shown in panel (b) of
from the AFM image was conducted with a linear fit of the Figure 2. After the first manipulation, the height remained
substrate profile as captured, without plane fitttagthe nearly constant until reaching 96As opposed to the case
diameter values were an average of more than 10 points alongat bending angle 26 the height increase at 96only

the tubes. Figure 1 shows typical bending results of a carbonhappened at the bend “point” when an obvious protuberance
nanotube with a diameter of 1.31 nm. It can be seen that theappeared. This can also be seen from the 3-D AFM height
position and direction of the manipulated segment was images (Figure Sla, Supporting Information). The height
definitely determined by the tip’s path. In our system, jump suggested a transition from uniform elastic bending to
because of the straight manipulation path, the main part of buckling of CNTs happened at a certain bending stage
the moved segment was straight and the effective bendingbetween 824 and 96. This is consistent with the theoretical
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Figure 2. (a) Heights and height changesH) at the bend “point” of carbon nanotube with diameter of 1.31 nm at different bending
angles. (b) Plot oAAH vs bending angles. The red and black lines in the right panels of (c) correspond to the profiles marked with the red
and black arrows in the left panels, respectively. In table a, because there was no height change before manipuldtidrastteen set

as zero at @ All the following AH was obtained from a comparison with the average value of heights frérto28° before buckling.

(d) Plot of AH at the bend “point” of carbon nanotube with diameter of 3.17 nm vs bending angles. The insets are the AFM images of this
tube at 19 and 35. (e) Section analysis of tube with diameter of 3.17 nm &tdr®d 35. The red and black lines correspond to the profiles
marked with the red and black arrows in the inset of d, respectively. All the scale bars in the AFM height images are 50 nm.

predictions: when the bending strain is small, the@honds Another case is shown for a carbon nanotube with a
of CNTs have a slight stretch at the outer side of the bending diameter of 3.17 nm (Figures 2d,e and S1b, Supporting
region and a compression at the inner side, which appeardnformation). When bent to 35the newly formed protuber-
as uniform elastic bending. This structure has no significant ance at the bend “point” indicated the occurrence of buckling.
difference with straight tubes. When the strain is increased The critical buckling angle for this tube was therefore in the
to a certain extent, a new pattern, buckling, would be formed range of 19-35°, and the finalAH corresponding to the
accompanying a minimization of the strain enet§yrhis buckle formation was 1.08 nm. We have designated this
structure has a special atomic arrangement as compared t@brupt transition from uniform bending to a fully formed
the normal carbon nanotubes. For this tube, this transition buckle, as exhibited by the above two tubes, “buckling mode
was abrupt and it caused a height increment of 0.28 nm (an!”.

average of thé\H for all bending angles after buckling, same  As opposed to the abrupt transition from uniform elastic
for the following tubes). In subsequent bending to 2@Be bending to a fully formed buckle, some carbon nanotubes
buckle structure was preserved with the height constant againhad another buckling behavior. Figure 3a,b shows the
The result here observed the transition from uniform elastic bending results for a carbon nanotube with a diameter of
bending to buckling of an individual carbon nanotube 2.82 nm. The difference lay in that, from 5€o 91°, the
experimentally, and the critical buckling angle appeared to height had experienced a gradual increase before reaching
be in the range of 8496° for this tube. the final constant value rather than an abrupt jump. From
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Figure 3. (a) Plot of AH at the bend “point” of carbon nanotube with diameter of 2.82 nm vs bending angles. It can be seen that there is
a gradual increase in height from%® 91°. The red and black lines in the right panels of (b) correspond to the profiles marked with the

red and black arrows in the left panels, respectively. From section analysis b and 3-D AFM height images (Figure S1c, Supporting Information),
it can be seen that there is a small buckle formed &t &hile at 120, the buckle has been fully formed corresponding to the larger and
stable protuberance at the bend site. All the scale bars in the AFM height images are 50 nm. Table ¢ shows the critical buckling condition
ranges and maximum height incremeXxitl,,.« of different carbon nanotubes. For the two tubes of mode Il, the first range is where the
buckling begins and the second is where the buckling finishes.

the section analysis, it can be seen that, during this stageoccurred in MWNTS, which have thicker tube walls than
for example at 5%, a small protuberance has been produced, SWNTs. Panel a in Figure 4 presented ttie with respect
while above 91, the protuberance was larger and stable. The to the bending angles of the (9,9) SWNT, which has a
final maximumAH was 0.40 nm for this tube. This implied diameter of 1.21 nm and a length of 24.5 nm. Beforg, 39
that the CNTs have experienced a series of intermediate statesmall AH increase happened and the configuration of the
when transiting from the uniform elastic bending to the fully bent tube had no significant change except for a slight
formed buckle. This was quite distinct from buckling mode ovalization of the cross section. This means that the SWNT
I; we have designated this “buckling mode II”. underwent uniform elastic bending during this stage. Typical
By comparing the carbon nanotubes listed in table ¢ of geometrical configuration was shown as the lower inset. At
Figure 3, it was found that buckling mode | often happened 41°, a sudden jump from 0.199 to 0.448 nm happened in
for small-diameter CNTs, while mode Il mainly occurred AH, which corresponded to the abrupt transition from
for larger-diameter tubes. To understand the atomistic uniform elastic bending to buckling, as shown by the
mechanism of the two distinct buckling modes described geometrical configuration in the upper inset. This phenom-
above and also to explore their possible origin, molecular enon was qualitatively consistent with the experimental
dynamics (MD) studies were conducted on CNTs of different buckling mode |, and simulations on other SWNTs such as
types under bend loadings. In our MD simulations, the the (8,8), (17,0), and (14,14) SWNTs led to the same
second-generation reactive empirical-bond-order potential conclusion.
was adopted. It was developed for hydrocarbons on the basis As for MWNTS, several double-walled and three-walled
of the Tersoff-Brenner expression, and the L-J potential carbon nanotubes were modeled in our studies. Unlike
describing long-range vdW interaction was also inclutléd. SWNTs, all MWNTSs in our simulations showed a gradual
Three-walled, double-walled, and single-walled carbon nano- buckling process. As exampled by the (4,4)/(9,9)/(14,14)
tubes were modeled in this study. The bend loading was MWNT shown in Figure 4b, a gradual height increase
applied by giving a displacement of 0.2 A to one end of the happened that corresponded to a series of buckling interme-
CNTs at each step, and then relaxing the whole system whilediate states formation. Typical geometrical configurations at
keeping both ends of the CNTs fixed. 23’ and 30 were shown in the inset. It could be found that
The two buckling modes were also observed by the there was nearly no buckling for the inner layers, and the
simulations, and it was found that buckling mode | could be outer layers were partly buckling compared to the full
mainly observed in SWNTSs, while buckling mode Il mostly buckling of corresponding tubular graphene layers in SWNTS.
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Figure 4. Molecular dynamics simulation results of carbon nanotubes under bend loadings. (a) Rldtwsf bending angles of (9,9)
SWNT, which is 1.21 nm in diameter and 24.5 nm in length. The sharp jumfHrcan be observed from 330 41°. Insets are the
representative geometrical configurations before (lowet) @ad after (upper, £} buckling. (b) Plots ofAH vs bending angles of (4,4)/
(9,9)/(14,14) MWNT, which is 1.9 nm in diameter and 12.2 nm in lengtht increases gradually during the whole process. Typical
configurations of the intermediate buckling states are shown as the insets, which are (naled 38 bending, respectively.

Along with the increase of the bending angles, the buckling analysis may explain the result of the tube that buckled as
of all individual layers proceeded gradually. This was in mode | while it had a diameter of 3.17 nm. So for the CNT
agreement with the experimental results of buckling mode buckling behavior, the thickness and diameter may have a
Il. cooperative effect. This cooperative effect has been proved
The inhomogeneity of the buckling state between the inner by Chang et al. by using a molecular mechanics médéle
and outer layers in MWNTSs indicated the important role of dependence of carbon nanotube properties on diameter could
thickness in tube-buckling behavior. As predicted by the be regarded as a size effect, which is known as an important
theoretical studies, the critical buckling curvature of CNTs factor leading to special electronic, optical, magnetic, and
is closely related to their diameters (for example, it was found chemical properties of nanomateriélsiere, a special “dual-
that, for SWNTS, the critical buckling curvature is inversely size” effect, diameter and thickness, which operated together
proportional to the square of tube diaméteThicker CNTs to determine the CNT buckling behavior, may exist. This
would have larger difference in inner and outer wall concept may be important for describing CNT mechanical
diameters. Thus at some bending stages, the outer wall wouldoroperities.
buckle first, while the inner walls remained stable. Further-  In a slightly different case from the isolated CNTs in
more, the radial elastic modulus of carbon nanotubes alsosimulation, there was vdW interaction between the substrate
increased with decreasing diameterThe less-deformed  and the effective bending region of tubes in the experiment.
inner tube would offer strong restraint to prevent the outer However, by using molecular dynamics simulation, it has
tube from dramatic deforming in transverse directions. been proved that this vdW interaction had no significant
Different layers buckled at different bending stages, and the influence on tube buckling (Supporting Information). That
partial buckling of outer layers operated together and resultedis why such a good agreement between experimental and
in the gradual buckling of MWNTSs. Here, it can be seen theoretical results had been achieved.
that, for carbon nanotubes such a nanoscale object, the vdW By comparing the range of the critical angles of the four
interaction began to show significant influence on their carbon nanotubes buckling as mode I in table c of Figure 3,
mechanical property and made their buckling behavior it is found that the critical angles decreased along with the
distinct from the macroscopic shells. Furthermore, both the increase of the carbon nanotube diameters except those with
experiment and simulation indicated that special CNT diameters of 1.24 and 1.31 nm. The trend here was consistent
structures may be developed during the bending process. Thisvith the theoretical predictiorfsywhere an inverse relation
diversity of structures may have potential applications in between the critical buckling curvature and the square of
future NEMS or other nanoelectronic devices. carbon nanotube diameters has been proposed, although the
The thickness should not be the only factor influencing clear relationship between the critical angles and diameters
the CNT buckling behavior. Considering small-diameter could not be deduced by far here. The deviation of the carbon
SWNTSs, although the interwall vdW does not exist, the vdW nanotubes with diameters of 1.24 and 1.31 nm may arise
interaction between the inner and outer side of the bendingfrom the influence of the helicity, which has also been
from the same wall could become remarkable and may offer theoretically predicted for carbon nanotubes less than 2.0 nm
a restriction for the buckling. While if the diameters of in diametef Note that the critical angles in this study from
MWNTs were large enough and their walls were not too experimental observations are much larger than those in the
thick, the difference in critical buckling conditions for the MD simulations and that reported by lijima etfalhe reason
inner and outer walls may be negligible, so all the walls may for the difference may be due to the larger length of the
buckle simultaneously and the inner tube would offer less experimental effective bending region corresponding to the
constraint to hinder the outer tube’s deformation. Their manipulation process here, which resulted in larger bending
buckling behavior may be more like mode |. The above angles for the same curvature. For the carbon nanotubes
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buckling as mode I, there existed two characteristic bending  Supporting Information Available: Bending carbon
angles: the angle where the buckle began to form and wherenanotubes by SPM, supplementary data, molecular dynamics
the buckle had been fully formed. It is reasonable to speculatestudy of vdW interaction effect on CNTs buckling. This
that the two angles were closely related to the structure detailsmaterial is available free of charge via the Internet at http:/
of the carbon nanotub.es such as the diameter and thicknesspubs.acs.org.
The controlled bending of carbon nanotubes by SPM
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