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In this paper, the differences in mechanical properties and fracture behavior between single-
walled (SW), bundled, and yarned carbon nanotubes (CNTs) are described. The three types of
CNTs are subjected to a quasi-static uniaxial tensile test to investigate their Young’s modulus,
strength, and fracture behavior. All the samples were fractured in a brittle manner. The mean
Young’s modulus and strength of SWCNTs were 1 TPa and 60 GPa, respectively, which
markedly decreased with increasing diameter for bundled and yarned CNTs. Fracture surface
observation suggested that each type of CNT fractured in a different manner: SWCNTs were
split instantly, bundled CNTs broke as the outer and inner CNTs slipped against each other, and
yarned CNTs were torn apart and fractured. The differences in fracture mechanisms are
discussed on basis of Raman mapping results.

1. Introduction

Carbon nanotubes (CNTs), discovered by Iijima, are the most widely studied nanocarbon
materials and have attracted considerable attention across nearly all scientific and engineering
communities.> Owing to their outstanding strength-to-weight ratios compared with other
strong materials, single-walled CNTs (SWCNTSs) are expected to be used as structural materials
not only for future nanoelectronics and nanoelectromechanical devices, but also for space
elevators.®) However, all experimentally reported values are considerably lower and exhibit a
considerable degree of scatter, with the lack of structural information inhibiting constraints on
their associated mechanism. Even if the measured strength values are lower than the theoretical
values, they are still higher than those of typical strong materials, as stated above.("19 If we plan
to use CNTs as a mechanical engineering material, their size must be increased to at least the
submillimeter scale while maintaining their high strength. However, it is a technically
challenging task to increase their size without introducing defects that could lead to failure.
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This study is conducted to compare the mechanical characteristics of SWCNTSs, bundled
CNTs, and yarned CNTs having diameters ranging from 1.5 nm to 100 pm, and to discuss how
the superior strength of SWCNTs can be maintained even if they are enlarged to the micro or
millimeter scale. Quasistatic uniaxial tensile tests are conducted using a specially developed
nanoscale tensile test system featuring a microelectromechanical system (MEMS) device, as
well as a microscale tensile test system utilizing commercial material evaluation equipment.(!'-13)
The size effects on the Young’s modulus and fracture strength of various CNTs are investigated.
Primarily, the fracture mechanism is examined in detail and discussed to identify strategies for
maintaining the strength of several tens of GPa, not only at the nanometer scale but also at the
micrometer-millimeter scale.

2. Experimental Procedure

Figure 1 illustrates the three specimen types used in the uniaxial tensile test—(a) SWCNT,
(b) bundled CNT, and (c) yarned CNT—and the nano- and microscale tensile test systems.
SWCNTs are synthesized by ethanol chemical vapor deposition on a Si wafer with a groove,
allowing them to connect the stages on both sides, much like a bridge.1? After the synthesis, the
diameter and the number of layers are analyzed for each SWCNT using Raman and Rayleigh
scattering methods.(!?) The diameter of SWCNTs ranges from 1.5 to 3.0 nm. Bundled CNTs are
prepared by first dispersing SWCNTs in chlorosulfonic acid and then immersing them in
diazonium salt to produce phenyl bonds.(*15) The diameter of bundled SWCNTs ranges from 15
to 100 nm. Yarned CNTs are a commercial product (Meijo Nano Carbon Co., Ltd.), prepared by
spinning multiple SWCNTs. Each SWCNT is bonded solely by van der Waals forces, with no
binder used. The diameter is 100 um.
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Fig. 1. (Color online) Photographs of SWCNT, bundled CNT, and yarned CNT along with the tensile test system.
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SWCNTs and bundled CNTs are subjected to uniaxial tensile test using a MEMS-based
nanoscale tensile test system.(1-19 The MEMS device, designed for nanowire-shaped samples,
comprises an electrostatic actuator, two capacitive sensors, and a sample stage.'? A CNT
sample is picked up from the Si wafer using a probe with a twin fork [Fig. 1(d)]. The bonding
between the CNT and the fork is performed using the electron-beam-induced deposition (EBID)
technique.(!9 Carbon contamination works like glue. Then, the picked CNT is moved to the
MEMS sample stage and bonded using the EBID technique. Uniaxial tensile force is applied to
the CNT via electrostatic actuators, which are actuated at 0.2 V/s until a displacement of 14 um,
for smooth quasi-static tensile loading.(!? The stage displacement and the voltage applied to the
actuators have a nonlinear relationship. Therefore, the displacement speed of the stage increases
linearly with the actuation voltage, which is given by the following equation:
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where n,,, is the number of comb structures, ¢ is the dielectric constant in vacuum, V() is the
bias voltage across the actuator terminals at any instant of time ¢, & is the overall stiffness of the
system, w is the comb finger width, g is the length of gap between the combs, /, and /; are the
comb finger and overlapped lengths, respectively. The displacement speed increases by 0.0015
um/s for a unit increment in actuation voltage. The tensile force and sample elongation are
measured using the load-cell side sensor and the difference between the two capacitive sensors,
respectively. They are also determined by SEM image analysis.

The mechanical strength of CNT yarns is evaluated using a universal tensile test machine
(Instron Japan, ElectroPlus). Each end of a CNT yarn is fixed to a copper lamina using a
commercial adhesive (Alteco CN4 Instant Glue), and the assembly is dried in a controlled
laboratory environment for 24 h to ensure strong adhesion. The copper lamina helps clamp the
CNT yarn sample between the jigs of the tensile test system [Fig. 1(e)]. Tensile tests are
conducted at a crosshead speed of 1 mm/min until fracture. Force and sample elongation values
are drawn directly from the load cell and displacement sensor of the test machine. The lengths of
the SWCNT and bundled CNT were determined from the distance between the two sample
stages of the MEMS device, which was 5 um. The length of CNT yarns was aimed at 15 mm, but
there were individual differences. It was measured one by one and then subjected to tensile
loading. MEMS-based tensile tests are conducted in an SEM (~10"% Pa) device, while micro
tensile tests are carried out in a controlled laboratory environment.

3. Results and Discussion

Figure 2 shows the representative tensile stress—strain relationship of the SWCNT, bundled
CNT, and yarned CNT, which are expressed as blue, red, and green colors, respectively. The
numbers of samples tested were 8, 3, and 7 for the SWCNT, bundled CNT, and yarned CNT,
respectively. All stress—strain curves are linear until failure, indicating that the samples failed in
a brittle manner. The elongation of the samples tested in the SEM device is measured by
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Fig. 2. (Color online) Representative tensile stress—strain relationship obtained from quasistatic tensile testing.

analyzing the images recorded during tensile tests. However, SEM images are affected by
electronic noise arising from stage actuation, which introduces scatter into the detected marker
positions.1? Images of SWCNTs, with a diameter of 1.6 nm, are recorded at higher magnification
than those of bundled CNTs, resulting in greater image noise and, consequently, larger data
scatter.

Figures 3(a) and 3(b) show the variations in apparent Young’s modulus and tensile strength as
functions of CNT diameter. The color definitions for the plots used here are identical to those in
Fig. 2. As shown in Fig. 3(a), the apparent Young’s modulus of SWCNTs was approximately 1
TPa on average, almost the same as that of diamond!®. Upon increasing the diameter of the
samples from 10 nm to 100 nm by producing a bundle configuration ranging, the modulus
decreased to 85-200 GPa, which is one-fifth to one-twentieth of the SWCNT value. Upon
increasing the diameter of the samples further by producing a yarn configuration, Young’s
modulus in the range of 10.2—-80 GPa was obtained. As compared with SWCNTs, a large scatter
in Young’s modulus was seen for both bundled and yarned CNTs, which implies that an
individual difference in adhesion between CNTs might have appeared in those enlargement
processes. At the tensile strength shown in Fig. 3(b), a similar tendency in the diameter effect is
observed at Young’s modulus. The strength values of SWCNTs range from 20 to 66 GPa. The
theoretical strength of SWCNTs is considered to be 100—150 GPa on the basis of molecular
dynamics simulation results.1%17) This implies that some defects that the optical analyses could
not detect were introduced into the SWCNT samples during the procedure we performed.
However, the experimentally obtained strength values are significantly higher—by at least one
order of magnitude—than those of typically strong materials(!?), By producing bundled CNTs to
enhance the sample size, the strength values dropped to 1.1-10 GPa. For yarn CNTs, the value
ranged from 0.6 to 1.1 GPa. The relationship between the size of CNT samples (4 in nm) and
their tensile strength (o in GPa) could be fitted using a decay function [as shown by the solid line
in Fig. 3(b)], which is expressed by the following equation:
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Fig. 3. (Color online) Apparent Young’s modulus and tensile strength vs. CNT diameter.
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A significant size effect phenomenon was observed in both mechanical properties in this
study.

To understand why the size effect on strength is observed, the fracture mechanisms for each
type of CNT are discussed. Figure 4 shows representative SEM images of fractured samples. On
the basis of the snapshot of the SWCNT fracture shown in Fig. 4(a), the sample failed utterly at
the center. This is because the SWCNT sample consisted of a SW tube. Once a crack was
introduced to the sample, a catastrophic fracture occurred immediately.(!?) In the bundled CNT
shown in Fig. 4(b), however, a unique fracture different from the SWCNT fractrure was
observed, where the sample fractured on the left side. In the magnified view of area A, as shown
in Fig. 4(c), the diameter of the failed sample on the left side was found to be smaller than that on
the right side. This bundled CNT sample was produced with dispersion and phenyl processes.
After dispersion, the diazonium salt gradually penetrates the bundled CNTs from their surfaces.
If the diameter of the bundled CNT is large, the salt would have penetrated only halfway,
resulting in the formation of double layers with and without phenyl linkages. Therefore, the
inner-bundled CNT on the left side would have separated from the outer-bundled CNT on the
right side by slipping through.('¥) In Fig. 4(d), the yarned CNT exhibited complex failure, with
multiple small bundles of CNTs breaking off in a manner that resulted in overall fraying. The
fraying phenomenon can be observed not only at the fracture point but also throughout the entire
sample. The magnified view of area B shown in Fig. 4(e) suggests that the fracture occurred in a
manner that caused the tip to split into multiple small fragments, implying that the interfaces
between the bundled CNTs were weak. The tip of one fragment with a diameter of around 400
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Fig. 4. (Color online) Photographs of fractured samples after quasistatic uniaxial tensile testing.

nm in the magnified view of area C, as shown in Fig. 4(f), seems to comprise multiple bundles of
CNTs with a diameter of less than 50 nm. Each bundle appears to be tightly bonded to the others,
even if it was bonded using the van der Waals force only, although the strength of yarned CNTs
was lowest.

To facilitate deeper discussion and estimate the fracture mechanisms, Raman spectroscopic
analysis was conducted. The typical Raman spectrum consisted of two peaks at 1350 and 1585
cm™!, corresponding to the D- and G-bands, respectively.(!) The Raman signal intensity of the
G-band peak was higher than that of the D-band peak, although the spectral data are not
provided here. Thus, the G-band peak was used to map Raman spectral parameters—intensity,
peak shift, and full width at half maximum (FWHM)—across the entire sample.(!”)

Figure 5 shows the representative maps of the spectral parameters for bundled and yarned
CNTs. Here, the data for SWCNTs are not shown because no meaningful data were obtained
owing to the very small sample size. The bundled CNT was subjected to uniaxial tensile loading
until fracture to determine the sample’s weakest point. The red-colored part indicates the
fractured point of the sample specified by the test. The intensity and Raman shift were found to
be uniformly distributed across the bundled CNT sample. This suggests that the two Raman
spectral parameters are not directly related to the defects that cause fracture. In contrast, the
peak width is distributed nonuniformly, where the portion showing the larger peak width can be
observed on the left side of the fractured point. A large Raman peak width for CNTs is known to
be attributed to the defects contained within the portion.>19) In our previous study, the large
peak width of the as-prepared bundled CNT was nearly the same as that at the fractured point,
indicating that the sample fractured at the defects present there.(!) In the case of the bundled
CNT sample prepared through the dispersion and phenyl processes, such defects were possibly
repaired by forming phenyl bond linkages. Consequently, stress was probably concentrated at
the boundary between the repaired portion and the less-defected portion during the tensile
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Fig. 5. (Color online) Raman intensity, peak shift, and peak width maps for bundled and yarned CNTs.

loading, so that the sample would have fractured in the vicinity of the large peak width area
detected by Raman mapping. On the other hand, the yarned CNT exhibits similar trends in the
intensity and Raman shift distributions, although some data scatters are observed. The scatter is
attributed to the structural nonuniformity of the yarned CNT. Note that the peak width
distribution for the yarned CNT differs completely from that for the bundled CNT. The former
shows a uniform distribution in peak width, whereas the latter shows a nonuniform distribution.
As discussed above, if the larger peak width is directly associated with the existence of defects,
even for the yarned CNT, then many defects are probably included in the yarned CNT. This
matches the fracture phenomenon, allowing the sample to split at any point, as observed in Figs.
4(d)—4(f). On the basis of the experimental results obtained here, it is likely that more defects are
introduced during the enlargement process in CNT samples with larger diameters. Increasing
the diameter while minimizing the introduction of new defects is crucial for synthesizing CNTs
as engineering materials that exhibit high strength despite their large size.

4. Conclusions

In this study, the mechanical properties and fracture mechanisms of SWCNTs, bundled
CNTs, and yarned CNTs were compared through quasistatic uniaxial tensile testing. Linear
stress—strain relationships were obtained, indicating that brittle fracture occurred in all the
tested samples. The apparent Young’s modulus and tensile strength of SWCNTs were 1 TPa and
60 GPa on average, respectively, which markedly decreased to around 10 and 0.6 GPa with
increasing diameter, as observed in the bundled and yarned CNTs. SEM observations revealed
that the fracture mechanisms differed significantly among the three sample types. Raman
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mapping suggested that the distribution of defects affected fracture and strength. The FWHM
map for the G-peak of the Raman signal showed that, while bundled CNTs have defects
concentrated at specific locations, the number of defects increases significantly during the
enlargement process to produce yarns, thereby reducing mechanical strength. Therefore,
suppressing the production of new defects in CNTs is crucial for using strong, enlarged CNTs as
an engineering material.
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