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Abstract Recent studies have finally produced accurate
measurements of the mechanical properties of carbon
nanotubes, confirming the anticipated results computed
from quantum and molecular mechanics. Several studies
have also predicted an enhancement of these material
properties as a result of electron irradiation. Here we prove
conclusively through a rigorous TEM imaging study that
this enhancement occurs as a result of multiple-shell load
transfer through irradiation-induced crosslinks. Using a
computational model of the system which mirrors the
experimental setup, we show that intershell covalent cross-
links resulting from the irradiation are efficient atomic
structures for inter-shell load transfer. A study of the
correlation between number of defects and load transfer
provides insight into the experimental results and quantifies
the increase in load transfer with radiation dose. The
combined experimental/computational approach therefore
gives a complete understanding of the phenomenon and
provides the means for tailoring the mechanical properties
of 1-D nanostructures.
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Introduction

Recent experimental studies [1] have shown that nearly-
defect-free single-walled carbon nanotubes (SWNTs) have a
modulus of 1 TPa, a failure stress of 100 GPa, and a tensile
failure strain of about 11%. These values are very close to
quantum mechanical (QM) predictions for ideal, defect-free
SWNTs [2, 3], and serve as proof that the processes of
manufacturing, manipulating, and applying these materials
are finally maturing. These outstanding mechanical proper-
ties, in addition to the unique electrical properties of
nanotubes [4], have attracted the attention of many scientists
and engineers worldwide, eager to incorporate these novel
materials into composites [5], micro- and nano-electrome-
chanical systems (MEMS and NEMS) [6], and consumer
electronics [7]. However, before the utilization of these
materials becomes mainstream, it is necessary to develop
protocols for tailoring the material properties, so that devices
can be engineered to given specifications. For example,
some applications require very high maximum tensile loads,
while for others it is best to optimize for a high failure strain.

Experimental studies have shown that electron- and ion-
irradiation effects play an important role in the enhance-
ment of material properties [8, 9]. Some have focused on
binding together nanotubes in a bundle [10], whereas others
have attempted to form covalent bonds between shells of a
single multiwalled nanotube (MWNT) [1, 11]. This can
have a profound effect on the specimen stiffness and failure
mode of MWNTs, specifically regarding the number of
fractured shells. Here we have developed a tandem
experimental/computational investigation, which describes
this mechanism of crosslinking (largely invisible using
modern equipment) in its entirety. This serves as concrete
evidence that irradiation-induced atomic crosslinks among
the shells of a MWNT are responsible for improved load
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transfer among shells, culminating in multiple-shell failure
during tensile loading.

Accurate measurement of the mechanical properties of
individual nanotubes has been elusive for some time. Many
novel methods have been proposed: thermal or electrostatic
vibrations in a transmission electron microscope (TEM)
[12]; lateral bending of suspended samples using an atomic
force microscope (AFM) [13]; and tensile loading of
doubly-clamped CNTs in an electron microscope [14].
These methods all suffer from one particular disadvantage:
limited imaging and measurement resolutions prevent the
determination of the number of failed shells of a CNT. This
quantity is of utmost importance for the study of irradia-
tion-induced defects, as it provides a direct, convenient
measure of the extent of crosslinking among the shells.
Determination of the number of failed shells also permits
accurate calculation of stress, since an accurate measure of
cross-sectional area can then be made.

Our experimental work uses cutting-edge methods which
simultaneously allow high-resolution actuation, sensing,
and imaging. We present solid evidence of irradiation-
induced crosslinking in MWNTs as well as a complete
description of the load-transfer mechanism. The experi-
mental work consists of a quantitative in-situ TEM tensile
testing technique to measure the mechanical properties of
irradiated and non-irradiated MWNTs. We use a specialized
MEMS-based nanoscale material testing system [15-17]
which, combined with TEM, allows accurate measurement
of all parameters of the system. These parameters allow us
to craft a computational study to precisely model the
system. The model shows conclusively that the crosslinking
defects proposed as a result of electron or ion irradiation
[18] are indeed a tunable mechanism by which load can be
transferred to multiple MWNT shells.

In recent years there has also been substantial growth in
the field of computational nanomechanics. Increased
computational power has allowed the use of molecular
mechanics calculations for systems of substantial size. For
example, here we investigate carbon nanotubes atomistical-
ly, using enough atoms to model a nanotube of non-trivial
length and diameter. The development of appropriate
empirical potentials such as that of Tersoff [19, 20] to
model carbon systems has led to a vast amount of
computational work related to carbon nanotubes.

Additionally, electronic structure calculations can now
be done even on cheap hardware. Small enough systems
(tens of atoms) can be capably handled by standard desktop
computers. This has spurred the development of a number
of ab initio, tight-binding, and semi-empirical quantum
methods which further expand the system size that quantum
methods can accommodate. However, macromolecules and
nanotubes are still much too large to be studied by purely
quantum methods.
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The development of multiscale methods by Belytschko
[21, 22] bridges this gap in a natural way by attempting to
only use more expensive methods in the region of bond
rupture, where electronic structure theory is necessary.
Employing consistent methods of integrating continuum,
classic molecular, and quantum methods allows the three
domains to be stitched together to optimize the calculation.
Quantum methods are used only in regions where bond
rupture must be captured accurately, and classical molecular
methods bridge the gap to continuum and finite-element
methods.

The use of any of these methods will, of course, depend
on the suitability and accuracy of the chosen potential for
replicating the behavior of the system under the desired
conditions [23]. For this study, in which defects are the
primary concern, electronic structure calculations must be
used extensively. In many systems, such defects in the
electronic structure can result in relatively large local
deformations.

Experimental Approach and Results

The experimental work was done using an in-situ TEM
tensile-testing method uniquely suited to nanoscale metrol-
ogy. The MEMS material testing system reported in
[15-17, 24] allows the accurate measurement of both load
and displacement throughout the load cycle, while simul-
taneously permitting real-time TEM imaging, including the
number of failed CNT shells. A specimen is placed such
that it bridges a gap between two polysilicon shuttles. One
shuttle is attached to a MEMS thermal actuator which is
displaced proportional to the current applied to it. The other
shuttle is attached to a MEMS differential capacitive sensor
which measures force based on the displacement and
stiffness of its supports [Fig. 1(a)].

This device operates in a force-displacement range
appropriate for testing nanoscale materials. Initial calibra-
tion of the device determined that the testing stage can
impose displacements as high as 1,500 nm with a force-
sensing resolution of 12 nN. The sample spans a small gap
of roughly 1-2 um between actuator and sensor shuttles.
CNT samples were generally a few microns longer than the
device gap to facilitate manipulation and welding, but the
strained portion (gauge length) is reported as the length
between the welds. Under the gap, the chip was etched
through completely. This leaves the testing stage suspended
over a small hole in the chip to permit TEM imaging. The
holder accommodated the electrical inputs and outputs of
the MEMS device for thermal actuation and capacitive
sensing, and routed them through the TEM chamber
feedthrough so that the device could be controlled during
testing. The TEM holder was built to be compatible with
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Fig. 1 (a) SEM image of the MEMS in-situ testing device including actuator, load sensor and specimen. (b) SEM image of a CNT specimen
bridging the gap between the actuator and load sensor. The specimen was welded by carbon deposition at both ends. (¢) A custom TEM holder

was used during the in-situ TEM tests

the JEOL JEM-2100F TEM used for high-resolution
imaging.

The above system has been used for a number of in-situ
studies on nanoscale objects [1, 16]. These objects can be
prepared and mounted on the MEMS device using a
piezoelectric nanomanipulator (Klocke Nanotechnik,
Aachen, Germany) inside an FEI NovaSEM 600. The
nanomanipulator probe is capable of movement increments
as small as 1 nm and as large as 1 cm, which permits
adequate manipulation of CNTs as well as quick translation
within the SEM chamber. For these tests, we selected
nanotube samples as close to pristine as possible in order to
prevent a dramatic change in properties due to small
defects, as observed by Belytschko et al. [22, 25]. We used
arc-grown MWNTs (n-Tec, Oslo, Norway), typically
regarded as having straighter walls and fewer defects than
CVD nanotubes [26]. The diameter distribution of these
samples is roughly 2-50 nm, and the average length is
about 5 pum, making these samples suitable for use with
the testing system. A sample was prepared by placing a
small amount of as-grown (i.e., without chemical treat-
ment) MWNT powder on a tweezer tip, which was then
scratched across the surface of a copper TEM grid.
Excess powder was lightly blown away using pressurized
air in order to eliminate large clumps of catalyst and
other debris. This preparation procedure eliminates the
possibility of oxidative pitting from chemical purification
[27], which would seriously compromise the comparison to
a computational study. The high-vacuum chambers
(~2x1072 Pa in SEM to 2x10°° Pa in TEM) imply low

water vapor concentrations, further ensuring that our
samples are free from oxidation. These high quality
samples should have only the occasional vacancy defect
as a result of inevitable growth imperfections.

The grid was imaged in the SEM and suitable tubes were
identified." The selected MWNT was welded to the nano-
manipulator probe by e-beam induced deposition (EBID) of
carbon. Under the right conditions, pulling on the tube with
the nanomanipulator then frees it from the grid, leaving it
cantilevered from the tungsten probe. The sample can then
be moved near the MEMS stage and attached on both ends
via EBID of carbon [Fig. 1(b)]. This process was very
similar to the mounting process reported in [16], except that
in this case carbon rather than platinum was deposited by
EBID. This typically results in lower levels of contamina-
tion, allowing better TEM imaging and characterization.
The microsystem/sample assembly was then placed on a
specially designed TEM holder [Fig. 1(c)] and placed in the
TEM chamber. Specimens were loaded incrementally until
failure was detected via a significant decrease in load and/
or visual identification of fracture. The failure region was
further analyzed at high magnifications, and the atomic
images numerically processed to determine the number of
failed shells.

Tensile tests were first conducted using tubes that had
been exposed to minimal radiation (i.e., background and

' CNTs used for this experiment had to be long enough to span the
gap between the MEMS device testing shuttles, and had to be free of
kinks, curves, branches, and other anomalies.
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low-voltage imaging radiation only). Due to the sample
preparation procedure, these tubes are expected to be
defect-free or to have significantly fewer defects than tubes
exposed to high energy electron- or ion-irradiation [17].
During loading, specimens were imaged using a 100 kV
electron beam (the vacancy threshold voltage of ~86 kV
was identified in [28]). This beam energy was chosen to
eliminate or at least minimize the generation of defects
during imaging such that observation of the experiment had
a less significant effect on its outcome.

Tests of electron irradiation effects were done by
imaging with the TEM beam at voltages much higher than
the threshold energy. Focusing a 200 kV beam on the entire
gauge length of the tube (the segment between the welds)
for varying times allowed good control over the irradiation
dose. After a tube received its irradiation dose, the beam
voltage was reduced back to 100 kV to prevent further
generation of defects, and the tensile loading tests pro-
ceeded as described above.

Figure 2 shows the results of one non-irradiated tensile
test [1]. Figure 2(a) shows a high-resolution atomic image
of the failed MWNT. Intensity profiles were created from
the image along paths B and C [Fig. 2(b, c), respectively] to
more explicitly show that only the outer shell failed. There
are three important results from this tensile test. First, the
intershell spacing can be computed by Fourier analysis,
providing an intershell spacing of 3.4 A in agreement with

the literature values [29] for CNTs and graphite. This
confirms the validity of the intensity analysis. Second, the
failure of only the outer shell indicates that that load is
applied only to the outer shell, which is of particular
relevance to understand load transfer and develop a
computational model. And third, direct measurement of
the low post-fracture pullout force [Fig. 2(f)] indicates that
only nonbonded interactions resist pullout. That is, in the
absence of high-energy irradiation, the inner core is not
covalently attached to the outer shell.

Using selected area diffraction (SAD), Fig. 2(d, e), on
the outer shell and the procedure outlined in [30], the
chirality of the fractured outer shell was found to be
(184,8). This also provides the unstressed diameter of the
outer shell, 14.72 nm, which is in agreement with the
measured diameter (14.5 nm via HRTEM). This procedure
provides direct measurements of all of the system’s relevant
quantities, avoiding the usual assumptions regarding the
cross-sectional area to be used in the calculation of stress
and strain. The stress—strain curve for the tested CNT is
shown in Fig. 2(g). A Young’s modulus of ~1TPa and a
failure stress of 100 GPa are identified.

As previously mentioned, an average post-fracture force
of 35.88 nN was needed to pull out the inner shells (or,
equivalently, to slide the fractured outer shell over the inner
shells). In the absence of covalent crosslinks among shells
of the MWNT, this value is representative of the van der
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Fig. 2 (a) TEM image of single-shell fracture. Paths B and C were used to create intensity profiles on either side of the fracture to verify that only
a single shell broke. (b, ¢) are intensity profiles of the TEM image. (b) Shows a profile with 12 peaks, indicating that there are 12 shells in the
MWNT along path B. (¢) Shows 11 shells along path C, proving that only a single shell fractured. (d) Electron diffraction pattern of the MWNT.
The principal layer lines are labeled /,, /5, and /5, and the layer line spacings are labeled D, and D,. The dashed line through the center has been
inserted as a reference for D; and D,, and is not a part of the image. (e) Intensity profile of principal layer line /;. The distances between the peaks
are labeled as 2X; and 2X;. (f and g) are the load-displacement and the stress—strain curve of the specimen, respectively
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Waals interactions between the broken shell and the inner
shells. In our computational work reported in a later
section, this value can be compared to the interactions due
to covalent crosslinks, which provide much stronger
interactions. The choice of arc-discharge grown tubes for
these experiments was intended to minimize these inter-
actions. It has been shown elsewhere [26] that the natural
variability of wall diameters in CVD nanotubes can cause a
certain degree of interlocking of the shells, also producing
some load transfer. However, this is not a process that can
be controlled with the precision of electron irradiation.
Some improved performance via load-transfer may occur
for CVD tubes, but the mechanism by which this occurs is
clearly different from that of irradiation-induced cross-
linking. The irradiation method is tunable, controllable, and
the performance improvement is much greater.

Two other non-irradiated experiments were performed
under identical conditions, demonstrating remarkable re-
peatability. The outer shell of sample 2 was a (200,1)
nanotube with a chiral angle of nearly zero. This facilitates
our comparisons to computational work using zigzag CNTs
in the next section. After sample 3 was fractured, the
cantilevered remains of the tube vibrated too much to
permit an accurate diffraction study, so its chirality is not
listed. Nearly identical stress—strain curves were obtained
with an outer shell failure present in all non-irradiated
cases, confirming that these control trials have insignificant
levels of crosslinking. The material properties of these
samples are listed in Table 1 [1].

To illustrate the nearly-pristine nature of the tested
samples, these experimental results for single shell fracture
can be compared with recent multi-scale quantum mechan-
ics/molecular mechanics calculations [21] performed on
single-walled CNTs containing defects of various sizes,
Fig. 3. As this figure shows, failure stresses in the
neighborhood of 100 GPa are only feasible for samples
containing very small defects, such as one- to two-atom

vacancies [21]. It is interesting to note that the failure
stresses experimentally measured are well in line with these
predictions. This is due in large part to the use of very high-
quality arc-discharge grown CNTs and the absence of
chemical processing. For comparison, also plotted are
fracture stresses reported for arc-discharge grown CNTs
by Yu et al., which fall at the other end of the plot in the
regime of very large defects except for one result with a
failure stress of ~60 GPa. Since two very different
experimental approaches have been used in the mechanical
characterization of the CNTs, it is difficult to infer if the
difference in failure stresses are due solely to differences in
sample preparation or to other factors. From the comparison
one can infer that a sample preparation with as much as a
six-fold increase in the size of the defects is needed to
explain the results reported by Yu et al [14].

Three more samples were tested (samples 4-6) with
increasing irradiation doses achieved by well-controlled
exposure of the MWNTs to the TEM beam. The results of
this exposure are improved mechanical properties and
multiple-shell failure. Our computational model, to be
described later, suggests that both results are the con-
sequences of intershell crosslinking defects induced by
irradiation. As an example, consider the sample with the
lowest non-negligible irradiation dose (sample 4), which
fractured in a similar manner to the MWNT shown in
Fig. 2(a), except that in this case, the three outermost shells
failed simultaneously [Fig. 4(a—c)].

This three-shell failure demonstrates the causal relation-
ship between irradiation and intershell crosslinking that was
alluded to in some studies [8, 31]. The observation of three
broken shells implies that three shells carried very high
loads. We know from control samples 1-3 that loads are
only applied to the outer shell, which means that load must
somehow be transferred from the outer shell to the two
closest inner shells. The computational results show that
this can be achieved by bridging bonds between nanotube

Table 1 Measured properties for both irradiated and non-irradiated MWNTs

Sample Gauge length/ Beam density Time Dose Stiffness Max. load Failure stress Modulus
diameter (nm) (A/em?) (s) (Clem?) (N/m) (nN) (GPa) (GPa)

1 1,852.3 - - 0 9.64 1,772.34 98.27 989.76
14.72

2 2,023.5 - - 0 8.69 1,844.92 109.95 1,048.55
15.71

3 2,105.3 - - 0 14.56 2,683.84 96.75 1,104.73
25.97

4 1,034.5 5x10712 10 0.031 113.97 10,326.11 81.62 932.02
25.97

5 567.9 5x107"2 100 0.31 559.43 21,865.97 57.78 839.53
25.87

6 1,899.4 5x1012 1,800 5.58 542.13 60,515.27 34.70 590.45
49.01
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Fig. 3 Left: Multi-scale Quantum/Molecular Mechanics calculations by Khare et al. [21] predicting a fracture stresses near 100 GPa for low-
chiral-angle CNTs and a defect size of about 0.4 nm. Experimental results reported here for samples 1-3 are shown for comparison. In the plot,
“defect size” refers to either the radius of a hole or half the length of a crack. Right: Two examples of holes imposed on the model. The interior

bonds of the holes are hydrogen-terminated (pink atoms) [21]

shells. An increase in the number of bridging bonds results
in increased load transfer, in turn resulting in more broken
shells and higher maximum loads.

Samples 4-6 were exposed to increasing levels of
irradiation and exhibited increased improvements in perfor-
mance. The comparison of non-irradiated and irradiated CNT
properties is quite striking. Even a very low irradiation dose
increases the stiffness of the MWNT tenfold and improves the
maximum load capacity of the MWNT by a factor of 5-10.
This is a result of the involvement of multiple shells, and has
surprisingly limited effect on failure strain. Since the
improvement in performance is due to multiple-shell load
bearing, we report the performance increase by dividing the
measured forces by a tube-dependent normalizing force F,
which is the product of the outer shell’s cross-sectional area
and a nominal failure stress (computed from samples 1-3) of
100 GPa [Fig. 4(d)]. Dividing the measured forces by this
“expected single-shell force” provides a convenient perfor-
mance metric. The normalized maximum force is improved
by a factor of 2.4 for even the lightly-irradiated sample, with
very little decrease in failure strain. The normalized
maximum force was enhanced by a factor of 11.6 for sample
6, though at the expense of a reduction in failure strain and
stress, which decreased to 6% and 34.7 GPa, respectively.

Samples 5 and 6 were irradiated longer than sample 4,
and therefore had more defects as well as more amorphous
carbon buildup. Both of these factors had an adverse impact
on the shell-imaging resolution, which prevented us from
similarly counting the number of broken shells for these
samples. Instead, the inner and outer diameters of the tube
were measured. By assuming an inter-shell spacing of

SEM

0.34 nm, the number of failed shells could be estimated as
18 and 52 for samples 5 and 6, respectively.

Note also that there is a practical limit to the amount of
irradiation that should be applied to a MWNT. In the case of the
most heavily irradiated tube, there was a significant amount of
amorphization present in the diffraction pattern (Fig. 5 inset)
even though it retained strong periodic character. In the
diffraction pattern, amorphization is indicated by the concen-
tric rings around the center, whereas periodicity is indicated by
the diagonal line of bright spots. Thus, sample 6 was probably
near the useful limit of irradiation.

These results prove that electron irradiation induces
intershell bonds such that the total tensile load is shared
among multiple shells. This hypothesis has been proposed
previously [18, 31, 32], and the notion that such cross-
linking could improve load-transfer is fairly basic. The
importance of this work is that it provides proof that large
improvement in load carrying capacity are the result of
intershell crosslinking, and that the degree of crosslinking is
a strong function of the irradiation dose.

In order to estimate the density of crosslinks we must
know the irradiation dose, which can be computed easily
from the TEM imaging parameters (beam density, magni-
fication, and exposure time), as well as the knock-on cross-
section for a carbon atom in a CNT. The basic scheme for
calculating this value [33, 34] involves numerical integra-
tion of differential cross-sections which can easily be
implemented in a computer code [35]. However, the
structure of a CNT differs greatly from bulk carbon and,
therefore, the knock-on cross-section is dependent on the
incident angle with respect to the surface of the tube. This
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Fig. 4 TEM image (a) of multiple-shell fracture. Paths B and C were used to create intensity profiles (b, ¢) on either side of the fracture to verify
that three shells broke. (d) Normalized force vs. strain for each specimen. The normalized force is applied load divided by the expected load on the
outer shell given its diameter and failure stress. (e) Stress—strain curves of all the MWNTs specimens

value has been calculated by Zobelli et al. [36] to be
between 3 and 6 barns. Assuming a mean value of 4.5
barns and an electron beam energy of 200 kV, the defect
densities for samples 4, 5, and 6 can be calculated. The
lightly-irradiated sample has a defect density of roughly
0.04 defects/A in the outer shell. Sample 5 has about
0.27 defects/A, and sample 6 has over 9 defects/A,
indicating that extensive damage is being done to the tube.
The densities used for the simulations in the next section
were therefore set between 0.028 and 0.193 defects/A in
order to provide a good comparison between the experi-
mental and computational results.

Computational Model and Results
Even with modern imaging equipment, imaging individual

intershell crosslinks would be nearly impossible. Thus,
since direct observation is not an option, we pursue a

computational approach to confirm that intershell crosslinks
are the load transfer mechanism revealed experimentally.
Our investigation is carried out using the periodic self-
consistent charge density functional based tight-binding
(SCC-DFTB) method [37] and molecular mechanics with a
second-generation modified Tersoff-Brenner (MTB-G2)
potential [38]. DFTB has been used previously to provide
reliable results for many carbon systems [39]. MTB-G2 is a
classical hydrocarbon model which reproduces progressive
bond weakening, as predicted by the QM models, when the
potential cutoff function is replaced by a neighbor list with a
2 A radius to avoid nonphysical effects. This scheme has
been used in a number of previous studies such as those by
Belytschko and independently by Shenderova et al. [25, 27,
38]. The potential cutoff is used to limit the number of
interactions in a system by setting the potential to zero
beyond some threshold interatomic distance. This will, in
effect, create some discontinuity in the derivative of the
potential (which is related to the force on the atom). The

SEM



176

Exp Mech (2009) 49:169-182

Fig. 5 A diffraction pattern (inset, with colors inverted for clarity) of
the exposed inner core (outlined in red) of a heavily irradiated MWNT
after fracture has occurred. Note that there is still very clear periodic
character, but the irradiation has also amorphized the structure
significantly

result is that at interatomic distances near the cutoff, bonds
stiffen in an unrealistic manner. This can be remedied when
bond formation is not of interest, such as in this study, which
focuses on fracture. In MTB-G2, each atom’s neighbors
(within 2 A) is tabulated from the initial geometry, and these
interactions are retained and smoothly decay to zero, so that
no unrealistic interatomic forces occur at certain distances.
The advantage of quantum mechanics is accuracy, but its
limitation is the number of atoms that can be modeled and
the computation time. Molecular mechanics/dynamics
simulations do not suffer from these restrictions, at the

=0)

Plane of symmetry (z

expense of the accuracy of the potential. Thus, we
employed QM on small atomic models to learn about
energetically favorable defect structures and then used
those geometries as input into the MM simulations, from
which we were able to investigate the system mechanical
response in the presence of these defects.

Many simulations of nanotube fracture involve SWNT
models, but these models are often compared to experi-
mental results which may involve multiple-shell fracture.
Our experimental observations for samples 1-3 allow the
direct comparison to results obtained from single shell
computations, and samples 4-6 allow comparison to
multiple shell models with comparable defect densities.
The accuracy of various quantum mechanics approxima-
tions and the MTB-G2 potential in predicting single shell
behavior was reported in [1]. Here we focus on the
interpretation of multiple shell failure experiments.

To carry out the investigation of load transfer between
shells, the computational cell shown in Fig. 6 was
employed as a representative model of a tensile experiment.
It consists of a (5,5) tube inside a concentric, commensurate
(10,10) tube. The model was 72.7 A long and consisted of
1,800 carbon atoms. All atoms located on the plane of
constraint (z=0) were held fixed in the z-direction, but
could freely move in the xy-plane. On the loading end, only
the atoms in the outer shell were displaced in the z-
direction. Two defects were placed roughly 8 A from the
loading end, diametrically opposite each other. Two defects
were necessary in order to keep the two shells coaxial, as
there was no van der Waals contribution to the potential.
The z-coordinates of all atoms were scaled to achieve a
particular strain, and then relaxed with the outer shell edge
atoms’ z-coordinates held fixed. The z-coordinate of atoms
of the inner shell were fixed only on the plane of constraint,
allowing the inner shell to contract and relax when strained
by the crosslinks near the loaded end. This non-periodic

Fig. 6 (a) The simulation setup. Note that atoms in the front and back of the outer tube are not shown for the sake of clarity. Actual simulated
tubes were also much longer. Tube ends were not terminated with hydrogen atoms. All atomistic visualizations were created by VMD [40]. (b) A
detailed view of the Frenkel pair defect in the dashed box in (a) (viewed from the top). The bridging bonds are highlighted
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model of the tensile test is consistent with the experimental
results previously discussed.

There are three common defect structures which could
result in crosslinks in MWNTSs, based on graphite structures
identified by Telling et al. [41]. The divacancy defect
(analogous to the V3(BB) graphitic defect), the interstitial
defect (a carbon atom inserted between the shells), and the
nearest neighbor Frenkel pair defect (a carbon atom
displaced from its shell into the interstitial space) all form
covalent bonds between adjacent shells of MWNTs (Fig. 7).
Irradiation can either completely knock atoms out of the
tube to form vacancies, or it can displace them from their
positions in a way that they are left in the system to form a
Frenkel pair. Interstitials are thus never produced alone, but
are rather produced at the same time as a vacancy (except
under carbon-ion irradiation). The geometries of the defects
were optimized using DFTB with periodic boundary
conditions applied to a section of (5,5)/(10,10) DWNT
consisting of 360 atoms (before defects were introduced),
measuring 14.8 A long.

The defect geometries optimized by DFTB and MTB-G2
produced energies and geometries summarized in Table 2.
These values are in agreement with previous studies using
DFT [41]. The energies and bond lengths of analogous
defects in graphite computed by DFT [41] and MTB-G2 are
given for comparison. For interstitial and Frenkel pair
defects, the distances from the interstitial atom to the outer
shell and inner shell are given as outer/inner (for graphite,
the structure of the defect determined the labeling of
“outer” and “inner” shells).

There are noticeable differences in the formation
energies computed from DFTB and MTB-G2. This is to
be expected since bond formation energies computed by
molecular mechanics often exhibit quantitative error. It is
important to note that regardless of the method used, the
lowest formation energy is always for the interstitial defect.
This is followed by the Frenkel pair defect, then the
divacancy defect with the highest formation energy. We can
therefore use these defect geometries in the MTB-G2
molecular mechanics calculations with some confidence,

Fig. 7 The three common
crosslinking defect types. (a)
The divacancy crosslink. (b)
The nearest-neighbor Frenkel
pair crosslink. (¢) The interstitial
crosslink

(a)

as it provides results which are qualitatively consistent with
higher-order theory.

The formation energies in Table 2 show that the
interactions through defects are much stronger than the
interactions due to van der Waal’s interactions alone, and
the van der Waals forces could safely be neglected in our
calculations. Periodic DFT calculations on nanotubes have
shown that the non-bonded interaction energies are roughly
80% of the graphite bilayer binding energy [42], reported to
be around 25 meV/atom [43]. Therefore, we consider the
non-bonded interaction in nanotubes to be about 20 meV/
atom. Our calculations involved a DWNT consisting of a
(5,5) SWNT of 600 atoms inside a commensurate (10,10)
SWNT of 1,200 atoms (both 72.7 A long). This results in
an approximate value of 0.495 eV/A for the non-bonded
energy per unit length of DWNT. This interaction does not
provide any restoring force except through edge effects (the
displacements of the ends of the tube shells, relative to each
other). In our calculations, the maximum value of this
displacement before shell fracture (but after crosslink
failure) could be as high as 5.5 A, implying maximum
non-bonded interaction energy of about 2.7 eV. This value
is usually much lower, particularly at the strain values of
interest, before crosslink failure. This means that just three
Frenkel defects in a tube of 72.7 A (0.041 defects/A) results
in an interaction energy that is at least ten times larger than
the maximum van der Waals’ restoring energy that would
ever be encountered prior to failure.

The (5,5)/(10,10) DWNT used in the computational
work is commensurate, but these results may be applied
more generally to incommensurate tubes as well. The
corrugation for commensurate tubes is roughly 20 meV/A,
and for incommensurate tubes, less than 0.3 eV regardless
of length [44]. As shown in Table 1, our calculations are in
the regime of defect densities high enough that the effects
of corrugation are negligible for both commensurate and
incommensurate tubes. As an additional check, it was found
experimentally that the average pull-out force was about
35.88 nN [Fig. 2(f)], or 22.39 eV/A for a tube with an outer
diameter of 14.72 nm. This pull-out force is the force
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Table 2 Formation energies and bridging bond lengths of several types of defects in a (5,5)/(10,10) DWNT computed using DFTB, MTB-G2,

and DFT [41]

Formation energies (eV) Bridging bond lengths (A)

DWNT Graphite DWNT Graphite

DFTB MTB DFT MTB DFTB MTB DFT MTB
Frenkel 6.92 3.77 10.6 6.65 1.55/1.55 1.51/1.58 N/A 1.37/1.66
Interstitial 4.42 2.56 5.5 1.64 1.55/1.49 1.55/1.49 1.49 1.64/1.64
Divacancy 11.35 10.35 13.0 9.46 1.41 1.43 1.38 1.40

required to overcome the van der Waals attraction and
initiate sliding. For the (5,5)/(10,10) DWNT nanotube with
a diameter of 1.38 nm the pull-out force would be roughly
2.10 eV/A (obtained by scaling down the experimentally
determined force by the ratio of the diameters). Since the
forces applied to the tubes were much larger—for a (10,10)
tube, a force of about 93 eV/A was applied at the point of
failure—we again find that van der Waals forces can safely
be neglected in the calculations. In the presence of cross-
links, the effects of the non-bonded interactions are
negligible.

The effect of defect type and crosslink density on load
transfer was then investigated. The computational predic-
tions for different defects (divacancy, interstitial, and
Frenkel pair) crosslinking the shells of the (5,5)/(10,10)
DWNT are shown in Fig. 8(a). The defect densities were
0.083 defects/A for all three cases.

The divacancy and Frenkel pair defect structures provide
significantly better load transfer than interstitials. This is
due to the configuration of the atoms involved in the
crosslink. While the interstitial defect links the shells
through a four-fold coordinated atom, the Frenkel pair and
divacancy defects link the shells through three-fold coordi-
nated atoms [41]. In practice, defects of all types could be
present in an irradiated tube. Interstitial crosslinks would

(a) (b)

likely be the most common, with commensurate amounts of
vacancy defects. In order to demonstrate optimal load
sharing, however, data from this point forward was
produced using Frenkel pair defects to crosslink the
nanotube shells. Note that even at very low defect densities,
load can be transferred efficiently through any type of
defect. The increasing load transfer with increasing strain is
due to the compliance of the defect structure, which will be
examined later.

In Fig. 8, an upper bound for the load transfer is shown in
the form of a horizontal dashed line. To compute this upper
bound, we note that two perfectly rigid crosslinks between
two shells on opposite ends of a DWNT of arbitrary length
would pin the two shells together, enabling them to
maximally share the load by inducing equal displacements
(mechanical compatibility) at the ends. In the case of
perfectly rigid defects, the (5,5)/(10,10) DWNT can be
modeled as two springs in parallel, one half as stiff (or /R
as stiff in the general case, where  is the radius of the
smaller tube and R is the radius of the larger tube) as the
other. If the springs are loaded by a force F, then the force in
the stiffer spring is 2F/3 (or, in general, F/(1 + /R)) and the
force in the other is F/3 (or, in general, F/(1 + R/r)).
Therefore, the fraction of the load on the inner shell cannot
exceed 1/3 for the (5,5)/(10,10) DWNT system. As the

(c)
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Fig. 8 The percentage of the load on the inner shell (load fraction) plotted versus the applied strain. (a) A comparison of the load-transferring
efficiency of each type of defect. (b) As crosslink density (Frenkel pair) increases, the load transferred to the inner shell approaches the theoretical
limit of 33% for a [5,5]/[10,10] DWNT. (¢) For a larger [10,10]/[15,15] DWNT, the load transfer can be increased to its theoretical limit of 40%
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diameters of the tubes increase, » = R, the fraction of the load
on each tube can approach 50%. The goal of the computa-
tional study presented here is to show that, since real defects
are not perfectly rigid, the load-transfer increases with defect
density until the amount of load transferred has reached the
theoretical (continuum theory) limit.

Next, the number of defects in the DWNT model was
varied. The results confirmed that inter-shell load-transfer
improves with increasing defect density, as implied by the
experimental results. Frenkel-pair defects were added two
at a time (diametrically opposite each other) at roughly
equal distances along the length of the tube. Increasing the
defect density, the fraction of the load on the inner shell
increased to near 33%, as shown in Fig. 8(b). The defect
densities chosen for these simulations are commensurate
with the expected defect densities in a tube receiving an
irradiation dose somewhere between that of sample 4 and
sample 5. Further examination of the computational results
[Fig. 8(b)] reveals that increasing the number of defects
helps to maintain better load transfer at higher strains. As
one defect weakens, there are still others intact to transfer
the load; this can be considered as sequential shear failure,
which permits substantial load transfer even at strains near
the experimentally observed failure strain. As defects fail
progressively from the loading end toward the constrained
end, the complex interactions give rise to the jagged load-
transfer characteristics. When many defects are present (a
number roughly comparable to the number of bonds that
would be involved in shell fracture), the load transfer
maintains nearly the optimal value until failure.

Given that the experiments were performed with displace-
ment control, we can infer that bond rupture at room
temperature is more abrupt than that predicted by the
equilibrium paths obtained through energy minimization
using QM and MM models. It has been shown that for low
chiral-angle CNTs, as those tested here, bond breaking leading
to brittle fracture is the dominant failure mechanism [25, 45].
A stability analysis performed at strains near failure revealed
the existence of intermediate metastable states, corresponding
to distinct local minima with energy decreasing as the number
of broken bonds increases [46]. This implies that upon
breaking of one bond, a cascade of bond failure ensues,
leading to an entire cross-sectional failure.

This behavior was also noted by Belytschko et al. In
short, once a single bond fails, it is difficult to find an
equilibrium solution until the full cross-sectional fracture
state is reached [25]. The computation was made using a
Brenner potential similar to that used in this study, except
that the cutoff function was not removed. Similar results
were later confirmed using higher levels of theory [46].

The energy barrier for transition from perfect lattice to
states with broken bonds is quite small, making the process
both temperature and strain-rate insensitive. This picture is

consistent with the experimental data reported here and
explains the sudden failure observed in the TEM. The same
analysis allows us to use this molecular mechanics method
rather than requiring molecular dynamics simulations at
experimental temperatures. At these temperatures (room
temperature) and high chiral angles (such as the armchair
tubes used in the MM calculations), the tube is more likely
to suffer from bond-rotation defects than from bond-
breaking [45]. This would also likely occur beyond the
failure strain we identified for these defective tubes.

The combined effect of tube diameter and crosslink
density is also illustrated in Fig. 8(c) for a (10,10)/(15,15)
DWNT. The simulations reveal that large diameter DWNTs
require roughly twice the defect density of the smaller tube
in order to approach the theoretical limit for load transfer.
As an example, using 0.193 defects/A (the highest
examined for a (5,5)/(10,10) DWNT), the larger DWNT

100 T T T T
SWNT —e—
DWNT/0.028 —=—
DWNT/0.055 —<—
80 - DWNT/0.083 —=— ]|
S 60 ‘ =
O i
| |
8 L
= 40 \ |
o X | |
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| |
40— 4 |
\ i —— o \
20 — \‘ |
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3.5 4 ‘
0 & I I I I
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Displacement (A)

Outer shell

Inner shell

Fig. 9 (a) The force-displacement behavior of DWNTs with different
defect densities compared to a SWNT (the zero-defect case). (b)
Detail of the effect of strain on the neighborhood of the defect (blown
up from the boxed area of Fig. 6). The light configuration is at zero
strain, whereas the dark configuration is at about 3.25 A displacement
(4.5% strain)
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approached only 34.3% load transfer. Though this is above
the limit for the smaller tube, it is still well below the limit
of 40% for the larger DWNT. In order to approach the
theoretical limit for this tube, the defect density was
doubled to 0.386 defects/A. This was sufficient to maintain
load transfer near its limit throughout the straining process.

Several factors are involved in the breaking of a
crosslink: stretching of the crosslinking bond itself, flatten-
ing of the angle between the bonds of the crosslink,
deformation of the angles between the crosslink and the
shells, and local bending of the shells. All of these factors
contribute to the compliance of the crosslink, which in turn
affects the load-transfer/defect density relationship, which
allows tuning of the mechanical properties. The deforma-
tion of the defect also causes the features present in the
computational load—displacement curves; results for the
(5,5)/(10,10) DWNT are shown in Fig. 9. It is clear that
the overall tube stiffness increases in the presence of crosslinks.
Furthermore, crosslink failure is predicted at about 3.6 A
(5% strain). As defects break with increasing strain, the
stress—strain behaviors of the tubes with more crosslinks
follow those with fewer crosslinks. The inset in the upper
left details this behavior. In the displacement range of 7 to
8 A (9.5% to 11.5% strain), the tube with 0.028 defects/A
behaves like the defect-free SWNT. This indicates that all
defects have broken and the entire load is carried by the
outer shell. At around 7.5 A displacement (10% strain), the
tube with 0.083 defects/A experiences a similar loss in
stiffness and begins to follow the curve of the 0.055 defect/
A tube. At 8 A displacement (11% strain), the 0.055 defect/
A tube also loses stiffness and begins to trace the SWNT
response. Obviously, a defective SWNT will have a lower
failure stress and failure strain than a pristine tube [21, 27].
It is important to bear in mind that this convergence
demonstrates the sequential shear failure of the bridging
bonds, but the ultimate strength of such a defective tube is
still compromised.

The inset in the lower right shows the load-bearing
improvement over the defect-free SWNT. The result is most
dramatic around 3.6 A displacement (5% strain), where the
0.028 defects/A case supported 6.4% more load than the
(10,10) tube, the 0.056 defects/A case supported 17.5%
more, and the 0.083 defects/A case supported 27.2% more
load. For the sake of clarity, higher defect densities were
not plotted. It was found that the maximum load on the tube
continues to increase as defects are added, showing the
same behavior as in the experimental results. At about
3.6 A displacement (5% strain) with the highest defect
density simulated, 0.193 defects/A, the fraction of the load
on the inner shell was 32.7%.

While computations of large diameter MWNTs, as those
experimentally investigated, are too expensive, the reported
QM and MM simulations clearly capture the experimental

SEM

trends and provide insight into the various effects control-
ling the phenomenon. It is clear from Fig. 9(b) that the
crosslinks involved in intershell load transfer are compliant
structures. Therefore, it can be expected that load transfer
will increase with an increasing number of crosslinking
defects. An adequate number of these defects will provide
the maximum load transfer, as defined by the continuum
theory limit. This is an important result, as it challenges the
intuition that defects in the tube structure would degrade its
performance.

Concluding Remarks

The work reported here is a comprehensive study of
MWNT intershell crosslinking. Using a novel experimental
approach, it was observed that irradiation-induced cross-
linking improves strength by more than a factor of 10 with
small reduction in failure-strain performance. We then
conducted a QM/MM study of various crosslinking defects
identified as potential load transferring structures to show
that these structures can indeed improve intershell load-
transfer up to the continuum theoretical limit.

The computational models confirmed that MWNT
possessing inter-shell crosslinks are energetically feasible.
Moreover, the effect of the density of these crosslinks was
ascertained by examining load transfer among the shells.
By quantifying the process for the case of a DWNT,
understanding of nanotube stiffening as well as upper
bounds emerged. The findings are of particular value in the
scaling up of nanotubes to macroscale ropes and fibers
while retaining the outstanding properties of the nanotubes
themselves. Likewise, the results are relevant to the design
of electro-mechanical nanodevices.

The computational study also revealed that the stress in
each shell of a MWNT is not necessarily uniform.
Therefore, the stresses reported in Fig. 4(e), which are
computed based on the total cross-sectional area of the
fractured shells, are average stresses rather than single shell
stresses. Note that computation of the latter would require
precise knowledge of the crosslink density and type.
Furthermore, the computational study also suggests that
even for highly crosslinked MWNTs, the stress is highest in
the outermost shell and thus it would fracture first. Hence,
the fracture of MWNTSs would occur sequentially, from the
outside in, although in unstable fashion.
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