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The tensile deformation process of individual single-walled carbon nanotubes (SWCNTs) was in situ ob-
served with measurements of the mechanical properties by transmission electron microscopy combined with
the functions of scanning probe microscopy. The values of Young’s modulus, tensile stress and strain at the
fracture of SWCNTSs are 950+ 130 GPa, 25+1 GPa, and 0.30+0.03, respectively. It was shown that two tips of
fractured SWCNTSs can be recovered to produce a single tubular structure by contact under compressive force
and bias voltage. The in situ observations also demonstrated the formation of carbon monatomic wires during

the fracture process of SWCNTs.
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INTRODUCTION

Since the discovery of carbon nanotubes,' their unique
mechanical and electrical properties have been studied to de-
velop nanometer scale technology.>~® In particular, theoreti-
cal analyses of mechanical properties have predicted that
single-walled carbon nanotubes (SWCNTs) have a Young’s
modulus in excess of 1000 GPa and a strain of up to 0.5.7"7
In previous experiments, the modulus and strain widely
ranged from 90 to 4000 GPa and 0.01 to 0.1,
respectively.'®2> Such mechanical properties are associated
with the atomistic structural dynamics during deformation.
However, no experiment has been performed to analyze the
relationship between mechanical properties and structural
dynamics, because it was difficult to perform the manipula-
tion of individual SWCNTs and to simultaneously observe
tensile deformation at an atomic scale. We recently devel-
oped an experimental method to analyze the atomistic me-
chanics of nanometer-sized materials.?® In this report, we
demonstrate in sifu observations of atomistic structural dy-
namics of individual SWCNTs during tensile deformation
and simultaneous measurements of the mechanics of materi-
als. We also observed their joining process, which is a fun-
damental process in its application to nanometer scale de-
vices.

EXPERIMENTAL METHOD

We prepared SWCNTs inside a transmission electron mi-
croscope combined with the functions of scanning probe
microscopes.?® The cantilever coated with a thin gold film,
for atomic force microscopy, was fixed on the front of a
tube-type piezo. A thin amorphous carbon plate with a
nanometer-sized tip was fixed on another specimen holder.
The tip of the cantilever was then brought into contact with
the opposite tip of the amorphous carbon plate at room tem-
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perature with an applied voltage of 1.6—2.2 V between the
two tips, and subsequently retracted by driving the piezo.
Afterwards, the surfaces of both tips were covered with gra-
phitic layers, and upon subsequent contact, a SWCNT
emerged between the two surfaces. This preparation method
was different from previously reported methods of peeling
off a graphitic layer?’ and the electron beam irradiation on
amorphous carbon films.?® The SWCNT was then retracted
along the direction of a long-axis by driving the piezo at
atomistic intervals. Structural variations during tensile defor-
mation were directly observed by in situ high-resolution
transmission electron microscopy. High-resolution imaging
was performed at an accelerating voltage of 200 kV with a
TV-rate system. High-resolution images were recorded on
videotapes with a time resolution of 16 ms. The base pres-
sure of the specimen chamber of the microscope was 1
X 1075 Pa. Variations in force, current, bias voltage, and the
voltages applied to the piezo during deformation were simul-
taneously measured at intervals of 4 ms. The length and
width of the contacted regions during deformation were es-
timated from each video field image. In this study, we pre-
cisely observed the shape of the cantilevers by scanning elec-
tron microscopy and estimated the force constant based on
calculations via finite element methods, because the commer-
cial micrometer cantilevers ranged in size and the force con-
stant depends on the length, width, and thickness. Since any
kind of microscopy with micrometer resolution can be used
to estimate the actual force constant of each cantilever, we
selected scanning electron microscopy for the characteriza-
tion of the cantilevers. If an average value of the force con-
stant is applied for the estimation of the force, accidental
errors will creep into the final values.

RESULTS AND DISCUSSION

Figures 1(a)-1(c) show a time-sequential series of high-
resolution images of the tensile deformation of a SWCNT.
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FIG. 1. Time-sequential series of high-resolution images of a
single-walled carbon nanotube (SWCNT): (a)—(c) tensile deforma-
tion process, (d)—(f) joining process. The illustrations in (g)—(1) cor-
respond to the images in (a)—(f). The SWCNTs formed between the
graphitized surfaces of a tip of the cantilever (A) and that of the
carbon plate (B). The minimum diameter of the SWCNT is 0.9 nm
in (a). With stretching along the direction indicated by the bold
arrow in (a)—(b), a neck forms as seen in (b), and the SWCNT
finally fractures as in (c). After complete fracture, when the tip of
the SWCNT on the right-hand side compresses that of the opposite
SWCNT at the applied voltage of 2.2 V, one stable tubular structure
is reproduced as shown in (f).

Figures 1(g)-1(i) show illustrations corresponding to Figs.
1(a)-1(c). The left-hand and right-hand regions in Fig. 1 are
graphitic surface layers of the tip of a cantilever (A) and that

PHYSICAL REVIEW B 72, 115431 (2005)

of the carbon plate (B). First, between the surface layers of
the two tips, the SWCNT with a minimum diameter of
0.9 nm is observed [Fig. 1(a)]. This image is a typical high-
resolution image of a SWCNT, as reported by Iijima.?° The
two edges of the SWCNT connect with the surface layers of
tips A and B. As the SWCNT is stretched along the direction
indicated by the bold arrows in Figs. 1(a) and 1(b), a neck
forms at a part of the wall, as designated by the arrow head
in Fig. 1(b). This indicates that buckling occurs in the
SWCNT due to tensile deformation. Subsequently, the
SWCNT breaks completely at the neck. Each tip of the bro-
ken SWCNT is closed, as shown in Fig. 1(c). The tip shape is
similar to that of a carbon nano-horn with a cone cap.’

After complete fracture, we brought the two tips of the
two separated SWCNTSs into contact. Figures 1(d)-1(f) show
a time-sequential series of the high-resolution images of the
contact process. Illustrations in Figs. 1(j)—1(1) correspond to
the images in Figs. 1(d)-1(f). When the tip of the SWCNT
on the left-hand side approaches the opposite tip along the
direction indicated by the bold arrow in Fig. 1(d) at an ap-
plied voltage of 2.2 V, the tips contact spontaneously as
shown in Fig. 1(e). The image of the SWCNT on the left-
hand side in Fig. 1(e) is blurred due to vibrations. The vibra-
tions are caused by electric charging and successive charge
transfer, since the vibrations were not observed when the
bias voltage was not applied. In Fig. 1(e), the current and
conductance were 21 uA and 0.12 G, respectively, where
Gy=2¢*/h is a conductance quantum (e is the electron
charge, h is the Plank constant). This result shows that the
SWCNT possesses a ballistic transport property as reported
previously.> When the tip of the SWCNT on the left-hand
side is compressed in the direction of the bold arrow in Fig.
1(e), a stable tubular structure is reproduced, as observed in
Fig. 1(f); the two SWCNTSs are joined into one. The diameter
in the junction in Fig. 1(f) is slightly smaller than the mini-
mum diameter of the SWCNT in Fig. 1(a). This observation
indicates that the structure of the junction is determined not
by the diameter of the SWCNT but by the structure of the
cap of the tip. Comparing the mechanical properties of the
reproduced SWCNT with the tube of Fig. 1(a), significant
differences were hardly observed. Thus, it was found that
one tubular SWCNT was produced by the contact of the two
capped tips of the SWCNTs. The joining of two crossing
SWCNTs was observed under the affect of defect formation
by electron beam irradiation with an accelerating voltage of
1250 kV.3132 In this study, the accelerating voltage was
200 kV. It is well known that defects such as vacancies and
interstitials are induced into SWCNTSs under electron beam
irradiation at an accelerating voltage of 200 kV.33 However,
joining was not caused by contact when force is less than
5 nN, or the bias voltage is less than 2.2 V. This result shows
that in addition to the defect formation, the combination of
both applications of the force and the bias voltage of is
needed for the joining to increase the reactivity of the atomic
bonding of the pentagon and hexagon in carbon networks of
the caps.

Figure 2 shows the variations in tensile force, minimum
cross-sectional area, tensile stress and strain as a function of
time, and the stress-strain relation in the tensile deformation
process of Fig. 1. The times indicated by a—c in Fig. 2 cor-
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FIG. 2. Variations in tensile force, minimum cross-sectional
area, tensile stress, and strain as a function of time, and the stress-
strain relation during the tensile deformation process of Fig. 1.
Times of a—c correspond to those at which Figs. 1(a)-1(c) were
observed.

respond to those at which the high-resolution images in Figs.
1(a)-1(c) were observed. The tensile stress is calculated by
F/S, where F is the tensile force and S is the minimum
cross-sectional area of the SWCNT. § is estimated according
to 7{(d/2+7r)*>=(d/2-r)*}, as used in previous reports;>>** d
is a diameter of the SWCNT, which was directly measured
from the high-resolution images; and r is an atomic radius of
carbon, 0.077 nm. In Fig. 2, strain increases slightly up to
the time indicated by a (2.8 s) and both tensile stress and
force increase. In this stress-strain region, a carbon hexagon
network in the whole of the SWCNT extends elastically
along the tensile direction. On the other hand, strain rises
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FIG. 3. (a)-(c) Time-sequential series of high-resolution images
of the fracture process of a carbon wire of monatomic width and (d)
an illustration of (b). A carbon monatomic wire appears between the
SWCNTs before the fracture, as indicated by an arrow in (d).

rapidly from 2.8 s, then the stress starts to decrease from
36 to 15 GPa. As previously mentioned, the point defects are
introduced in the SWCNT by electron beam irradiation. The
defect formation is also accelerated with mechanical defor-
mation. It is thus considered that the decrease in stress is
caused by the defect creation. The area S is constantup to 9 s
and then decreases abruptly due to buckling, as shown in
Fig. 1(b). Finally, the SWCNT fractures at the time indicated
by the cross in Fig. 2. From the gradient at the elastic stage
in the stress-strain relation, we estimated the value of
Young’s modulus of the SWCNT to be 950+ 130 GPa. It was
also determined from Fig. 2 that the tensile stress and strain
at the fracture of the SWCNT were 25+1 GPa and
0.30+0.03, respectively. In previous reports, Young’s moduli
of SWCNTs have been estimated from their free-standing
vibration amplitude'®?*2! or by using ropes of SWCNTs.?
In this study, the mechanical parameters relating to the ten-
sile deformation for the isolated SWCNTs were directly mea-
sured with the observation of the atomistic structural dynam-
ics. The value of Young’s modulus in this study is in good
agreement with that found in previous experiments.!82021.24

Next, we investigated the details of the deformation be-
havior during fracture. Figures 3(a)-3(c) show a time-
sequential series of the high-resolution images of a fracture
process of a SWCNT. Figure 3(d) shows an illustration for
Fig. 3(b). Two dark lines are observed between the two tips
in Fig. 3(a). In Fig. 3(b), a dark line with a width of approxi-
mately 0.2 nm is observed between the SWCNTs, as illus-
trated by the arrow in Fig. 3(d). The width corresponds to a
monatomic scale. Figure 3(c) shows a high-resolution image
after the dark line has completely disappeared. In Fig. 4(a),
the variation in tensile force measured at the deformation of
Fig. 3 is shown as a function of time. Times indicated by a—c
in Fig. 4(a) correspond to those in the images of Figs.
3(a)-3(c). The values of the tensile force decrease stepwise
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FIG. 4. (a) Variation in tensile force as a function of time and (b)
histogram for the value of the tensile force corresponding to Figs.
3(a)-3(c). In the histogram, strong peaks are recognized at 0.06,
0.11, and 0.16 nN. The minimum value of the tensile force corre-
sponds to the value at the smallest width of the carbon monatomic
wire in Fig. 3(b).

with decreasing width of the dark line, showing that single
carbon sheet breaks discretely. Figure 4(b) shows a histo-
gram for the values of the tensile force of Fig. 4(a). Strong
peaks correspond to 0.06, 0.11, and 0.16 nN. The deviation
is 0.05 nN. The minimum value of the tensile force, 0.06 nN,
is associated with that of the structure of the dark line with
the monatomic width in Fig. 3(b). When stretched at
0.06 nN, this one-dimensional structure was elongated by
approximately 0.1 nm before complete fracture. Troiani et al.
estimated the tensile force of the monatomic wire to be
~7 nN using the tight-binding calculations.?® This calculated
value is approximately 10% times larger than the measured
value in this study. The calculated static force seems to show
the ideal maximal force. On the other hand, the measured
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force in this experiment is reduced from the maximal force
by several factors, e.g. the vibration of the tips of the canti-
lever, the tensile deformation rate and the electron beam ir-
radiation. The steps with a deviation of 0.05 nN observed in
Fig. 4(a) imply that the number of bonds is reduced at every
unit by the same number of atoms; a part of a junction in the
single monatomic sheet breaks discretely, thereby the tensile
force decreases stepwise. As demonstrated in the simulations
by Yakobson et al.,** a carbon monatomic wire formed in the
final stage of fracture during the tensile deformation of
SWCNTs. It is, therefore, inferred that a carbon monatomic
wire formed in the plateau at the minimum tensile force,
0.06 nN, in Fig. 4(a).

CONCLUSION

The atomistic structural dynamics and the mechanical
properties of the individual SWCNTs during tensile deforma-
tion were investigated using combined microscopy.
SWCNTs were synthesized inside the combined microscope,
and it was found that under stress the SWCNTs formed a
neck, and subsequently fractured completely. Based on the
atomistic mechanics of materials, Young’s modulus of the
SWCNT was estimated to be 950+130 GPa. The value of
Young’s modulus in this study is consistent with that found
in previous reports. Before the fracture of the SWCNTs, the
formation process of a carbon monatomic wire was also ob-
served. It was shown that the tensile force of carbon wires
decreased stepwise with decreasing width.
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