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The first molecular dynamics simulation-based reliability analysis of carbon nanotubes is conducted
in this paper. Instead of uncertainties of loads, we consider uncertainties of defects, especially
vacancies, at the nanoscale in our modeling and simulation. A spatial Poisson point process is
employed to assist randomly locating vacancies on the surface of nanoiubes. With the aid of Grid
computing technologies, a large number of molecular dynamic simuiations are conducted to obtain
statistical properties of nanotube strength and stress for reliability analysis. Refiabiiities of nanotubes

at various temperatures are also discussed.
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1. INTRODUCTION

in the forefront research fields of nanotechnology, carbon
nanotubes {CNTs) have-been proposed as an ideal foun-
dation of the next generation of materials and devices due
to their unigue mechanical and electrical properties. Stud-
ies have shown that CNTs have large interfacial area per
volume and possess large tensile moduli and high ther-
mal conductivity.” The Young’s moduli and strengths of
CNTs were predicted to be up to 1 TPa and 300 GPa,
respectively. In addition, the thermal conductivity of a
CNT could be 6600 W/m K. Therefore, they have been
employed as idea) fibers for manufacturing novel nanocom-
posite materjals with mechanical and thermal management
applications.*” In addition, nanotubes have become key
components in nanodevice design.™® Some devices have
extraordinary characteristics, such as high oscillation fre-
quency and low friction. With the development of nanotube
technology, the reliability of CNTs 15 an inescapable issue
to be thoroughly studied for further reliability analyses of
novel nanotube-based composites and devices.

Although CNTs were predicted to have high strength,’
the experiments conducted by Yu et al.’® indicated such
high strength could not be reached. The measured fail-
ure stresses were in the range of 10 GPa to 63 Gpa,
while the measured failure strains varied from 2% to 14%.
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The measured failure stresses are far below what were
predicted via theoretical analysis,” 300 GPa, and numerical
simulations,” ~100 GPa. In addition, the large variance in
the experimental measurements implies there were uncer-
tainties not only on external loads but also on the festing
samples. Those uncertainties include tube size, chirality,
defects, and others. Researchers studied the effects of
some uncertainties, including tube size, on the mechanical
properties of CNTs. Natsuki et al.'! studied both single-
walled nanotubes (SWNTs) and multi-walled nanotubes
(MWNTs) with a structural mechanics approach. They
found that the Young’s modulus of an SWNT decreased
with the increasing tube diameter. In addition, Xiao and
Hou'? pointed out that such size effects were insignificant
for CNTs with large dlameters.

Some researchers considered the effects of defects on
the mechanics of CNTs and their applications in nanocom-
posites and nanodevices. Defects, including chemical,”
topological, and vacancy defects, on CNTs can arise from: £
various causes. Chemical defects consist of atoms/groups
covalently atfached to the carbon lattice of the tubes,
&s in oxidized carbon sites or chemical vapor deposi-
tion. Chemical defects uswally occur during functional-
izing CNTs in order to form chemical bonds between
CNTs and the matrix in nanocomposites. Consequently,
the mechanical properties of nanocomposites can be sig-
nificantly enhanced becanse of the strong interfacizl load:
transfer.”® However, we don’'t think that functionafization
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will have significant effects on the mechanical properties
of the nanotube itself. Topological defects correspond to
the presence of rings other than hexagons and were mainly
stadied as pentagon/heptagon pairs.’* However, topologi-
cal defects also resulted in high faflure strength™® in com-
parison with the experimental measurements.'”

Vacancy defects may have been caused through impact
by high energy electrons in the TEM environment,'
or may be defects in the original outer nanotube shell,
Vacancy defects are modeled by taking out some atoms,

called missing atoms, and then reconstructing carbon—

carbon bonds. Consequently, such defects will form
nanoscale cracks or holes, which can have large varia-
tions in size. Therefore, vacancy defects have significant
impact on the mechanics of CNTs. In research performed
by Milke et al.,'® the role of vacancy defects and holes in
the fracture of CNTs was studied. Both quantum mechan-
ical and molecular mechanics calculaticns indicated that
. the holes due to one- and two-atom vacancy defects could
- reduce failure stresses by as much as ~26%. Xiao and
Hou'” studied the fracture of defected CNTs and their
embedded nanocomposites. They concluded that vacancy

defects in nanotubes could also dramatically reduce the
" fatlure stresses and strains of nanotube-embedded compos-
ites. In addition, they found that small volume of vacancy-
- defected CNTs might not reinforce but rather weaken their
" embedded composites. Furthermore, vacancy defects could
- influence mechanisms of nanotube-based devices. Xiao
et al.® illustrated that a larger fraction of vacancy defects
could - induce larger interlayer friction in double-walled
.. manotube-based co-axial oscillators and that the oscilla-
- tion of osciliators could cease more quickly. They aiso
i+ found that frequencies of nanotube-based resonant oscilla-
. tors were reduced due to the existence of vacancies.®
 Although the effects of defects on mechanics of nano-
.- tabes have been studied, most studies considered only that
" a vacancy defect existed in the middle of the nanotube.
- Uncertainties of vacancy defects on nanotubes, including
:" the number and the location of defects, were not consid-
ered. In this paper, we consider two uncertainties related
o vacancy defects: the number and the location of miss-
“ing atoms, which determine the number and location of
vacaney defects. We employ a hemogeneous Poisson point
~ Pprocess to determine the occurrence probability of a spec-
dified number of Poisson points, i.e., missing atoms. Fur-
thermore, we assume that missing atoms occur on carbon
‘Manotubes in a completely random manner. Consequently,
- Manotubes having the same number of missing atoms may
- have various numbers and locations of defects. Since those
. Wicertainties are discrete, a large aumber of repeated sim-
lations are required to study the reliability of a nano-
be. A Girid computing environment is used in this paper
0 efficiently conduct simulations that are computationally
Intengive,

The outline of this paper is as follows. In Section 2, we
fcuss how to deal with uncertainties of vacancy defects
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on nanotubes. The computational model via molecular
dynamics simulation for studying mechanics of nanotube
is described in Section 3. Grid computing technologies
employed in this paper is introduced in Section 4. We then
sty relability of nanotubes based on simulation results
i Section 5 and present conclusions in Section 6.

2. UNCERTAINTIES OF VACANCY
DEFECTS ON NANOTUBES

We consider the following two uncertainties: the number
and the location of missing atoms for vacancy defects. In
this paper, we empioy a homogeneous Poisson. point pro-
cess to determine the number of Poisson points (missing
atoms). Due to the unigue structures of single-walled car-
bon nanotubes, they can be mapped onto two-dimensicnal
(2D) graphene planes with a thickness of .34 nm. There-
fore, a 3D model can be simplified as a 2D surface prob-
fem. The probability of the number (k) of Poisson points
occurring in a finite 2D plane is written as:

eM(AAY

PN(A4) = ) = =

., k=1,2,3... (1)
where A is the plane area; N(A) is the number of Poisson
points on this area A; and A is the Poisson point density per
area. N{A) and A are also taken as the number of missing
atoms and the missing atom density, respectively, in this
paper. It is clear that different missing atom densities will
result in different probability distributions of the number
of missing atoms.

To randomize locations of vacancy defects, we first
assume that the Poisson points are randomly disiributed
on a 2D plane to which the surface of a nanotube can be
mapped. The atom that is the closest to a Poisson point
is indicated as the missing atom. After the missing atoms
are located, a defect site is denoted as the location con-
taining one or several missing atoms neighboring each
other, The number of missing atoms in a defect site resuits
in the type of the generated vacancy defect after tak-
ing out the missing atoms and recenstructing bonds. The
formed vacancy defects include one-atom vacancy defects,
two-atom defects, and cluster-atom vacancy defects.® '8

As an example, we conduct the generation of vacancy
defects on a (10,0) nanotube with a missing atom density
of 0.8 nm™. The surface area of the comsidered (10,0)
nanotube is 12 am?. Figure 1 shows the probability dis-
tribution of the number of missing atoms determined via
Eq. (1). We can see that the nambers of missing atoms are
in the range of 0 to 20, and each number of missing atoms
has its own probability of occurrence. For instance, the
occurrence probability of 13 missing atoms is about 7%.
In other words, if 100 computational samples are chosen
to study the statistical properties of mechanical behavior
of vacancy-defected nanotubes with A = 0.8 am™?, there
must be seven samples containing 13 missing afoms.
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Fig. 1. Probability disiributicn of the number of missing atoms.

In one sample containing 13 missing atoms, 13 Poisson
points are deposed oato a 2D plane to which the surface
of the considered {10,0} nanotube is mapped. The coordi-
nates of each Potsson point are randomly selected within
this 2D plane, as shown in Figure 2{a). Next, we mark
the closest carbon atom to each Poisson point as a miss-
ing atom, as illustrated in Figure 2(a). If more than one
atom has the identical least distance to one Poisson point,
the missing atom is randomly selected. Finally, we per-
form boad reconstruction'®'® to generate corresponding
vacancy defects. Figure 2(b) shows that resulted vacancy
defects include three one-atom vacancy defects (marked
as “la,” which is symmetric, and “1b,” which is asym-
metric), three two-atom vacancy defects (marked as “27},
and one ciuster-atom vacancy defect {marked as “37).

Fig. 2. Generation of vacancy defects on the surface of a (10.0} nano-
whe. (a) Deposition of Poisson points (dots) and selection of missing
atoms (circles); (b} formation of vacancy defects,
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Fig. 3. The vacancy-defected (10,0} nanotube corresponding 1o
Figure 2.

The configuration of the corresponding (10,0) zigzag nane-
tube is shown in Figure 3.

3. COMPUTATIONAL MODEL

For any given defected nanotube, molecular dynamics sim-
ulation is performed to investigate its stress-strain rela-
tion and strength. In molecular dynamics simulations, the
following equations of motion are solved for the whole.
simulated system without the consideration of external
forces:

mi&;’ =—f; = — (2)

where m, is the mass of atom [, X, is its position, and
x, = X, +d, (X, is the original position of atom I and
d, is its displacement). f; is the atomic force applied on
atom /, and it is calculated from the first derivative of the
potential, £(x). Periodic boundary conditions are applied,
A Hoover thermostat'® is implemented so a constant tem-
perature can be maintained during molecular dynamics
simulations,

In this paper, we employ the modified Morse potential
function” to descrihe interatornic interaction in CNTs. This
potential can be written as:

E= Estrcmh + Eﬂngle
Ereen = De{[l -—gfﬂ(”“"\q)]z__i} {3)

1 ar .
Eangie - Ekﬁ‘(e . 8{3}2[] + ks(e - 60)41

where E,.., i$ the bond energy due to bond stretching or
compressing, E,.. is the bond energy due to bond angle-
bending, 7 is the current bond length, and # is the angle
of two adjacent bonds representing a standard deformation
measure in molecular mechanics. The parameters are.

rp=1.42 107" m, D, = 6.03105 x 107" Nm
B =2.625x10" m™, 8, =2.09 rad  (4)
ky=1.13x 107" Nmfrad®, k= 0.754 rad™’

It has been shown that this potential function results in
reasonable Young’s modulus and Poisson’s ratio of nano-
tbes compared with experimental investigations.

In this paper, we mainly consider (40,0) zigzag nano-
tubes with the diameter of 16.4 nm and the length of
73.8 am because (40,0) nanotubes are large enough to
neglect size effects on mechanical properties of nanotubes
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(see details given by Xiao and Hou'?). Before the molecu-
‘{ar dynamics simulation, the equilibrium state of nanotabes
seeds to be obtained via energy minimization. During
the molecular dynamics simulation, the periodic boundary
condition is employed with prescribed dispiacements. For
_each displacement increment, 0.7 nm, the tube was equi-
“librated for 1000 time steps. Another 100 time steps are
-used to calculate the time-averaged potential. The corre-
" sponding external force £ can be calculated as the slope of
: the potential-displacement relatjon. Then, one can obtain
the stress via @ = F/(mDh), where D is the tube diameter
and h is the tube thickness, Le., 0.34 am. '

‘4. GRID COMPUTING ENVIRONMENT
AND PERFORMANCE

" In this paper, we consider uncertainties of vacancy defects
- on carbon nanotubes and study reliability of nanotubes.
For each nanotube sample, we conduct molecular dynam-
ics simulation as described in the previous section o
obtain stress—strain relations to identify mechanical prop-
" erties of the simulated nanotube, The strength of a nano-
: - tube 18 deterrained as the stress when the nanotube fails
-* subject to tension. Since uncertainties of vacancy defects
. are discrete, a large number of samples need to be simu-
' lated to obtain accurate statistical properties. In this paper,
“ we pian to conduct 500 simulations on each case. Every
+ simnlation may run for a couple of hours to obtain the
result, leading to a large overall compuiational runtime.
' We tackle this challenge of computational intensity using
" Grid computing technologies.
. Crid computing technologies allow heterogeneous
' resources from multiple administrative domains to be
. dynamically aggregated, and thus to create a single super-
 computing environment for computationally intensive

400
350+
300+

250

o
S

Running lobs
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T

Fig, 5. Computation throughput using the Open Science Grid.
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Algorithm 1 Nanotechnology application pseude-code

dist +— generatePoissonDistribution (3
for | = 0 © numBuns do
numMissingArom[i] < dist.drawPoisson 0
end for
5. for i =1 to nuwmRuns do
nanotube <— startWithNewNanotube ()
for j =0 1o numMissingAtomli] do
{x, ¥} «— nanatibe, randomPeint ()
nanotbe.addDefecr{x, v}
10:  end for
nanoiube.testStrengrh ()
end for

Fig. 4. Pseudo-code for caloulating strengths of nanotubes.

applications.” Individual administrative domains may
reside within the scope of a single physical site or a Vir-
tual Qrganization (VQ) for coltaborative problem solving.
Scalable Grids are often built on a number of VOs that
allow dynamic membership of computational resources
and users, For example, the Open Science Grid (OSG,
htip://www.opensciencegrid.org) is operated by the OSG
Consortium, a partnership of over 50 universities and
national laboratories that work together to create a global
Grid-based cyberinfrastructure for scientific research and

education. Currently, the OSG consists of more than two-

dozen VOs. We used the OSG for the computational exper-
iments presented in this paper.

Our reliability analysis can be treated as a parame-
ter sweep application from a Grid computing perspective
by simultaneously evaluating different parameters using
multiple resources. Specifically, the key to taking advan-
tage of OSG computing power is to decompose the appli-
cation at line 5 of the analysis pseudo-code, shown in
Figure 4, into a number of relatively independent cotn-
puting jobs and submit these jobs to multipie sites for
parallel processing. Each job is executed with local data,
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which contains a subset of the Poisson points to simulate.
Our compuiational experiments using (OSG demonstrated
that within 20 hours, we were able to finish a reliability
analysis that could take over two months of computational
runtime using a single desksop PC.

Specifically, Figure 3 shows the dynamics of executing
computations at OSG sites as time progresses. In totai,
resources from 19 OSG sites were used. It took less than
20 hours to finish this run of computation for the analysis
scenarto presented in this paper. At the beginning stage
of the computation, the number of active jobs decreased
rapidly as most of selected sites completed individual
jobs within the computation progress. After 10 hours,
a small number of jobs remained unfinished, which can be
explained by their low priority enforced by local resource
management tools such as Condor (http://www.cs.wisc.
edu/condor/). The overall computation throughput is sig-
nificant and stable given dynamic changes of resource
availability in our numerical simulations. In aggregate, our
compuiational experiments have demonstrated that a sig-
nificant high-throughput has been achieved for supporting
the analyses to use OSG resources opportanistically.

5. RESULTS AND DISCUSSION

In this paper, we assume that the missing atom density, A,
follows the Gaussian distribution, i.e., the normal distribu-
tion, with the mean value j; = 2.5 nm™ and the standard
deviation &, = 1.0 nm™2. The probability density function
of the random variable A follows:

o)) o

Equation (5) determines the probability of the missing
atom density. Then, Eq. (1) is employed to determine the
probability of the number of missing atoms.

We first investigate reliability of carbon nanotubes at the
room temperature of 300 K. The histogram of nanotube
strength based on 500 simuiations is shown in Figure 6.
It can be seen that the histogram matches the one from
the experiments by Yu et al.'? It should be noted that
the experimental result was based on 19 measurements.
Figure 6 also shows that the strength, Sy, follows three-
parameter Weibull distribution,®! and its probability den-
sity function is written as:

where B, is known as the shape parameter, 1y is the
scale parameter, and 7y is the location parameter. Based
on the data we simulated, the parameters in Eq. (6) for
the nanotube strength are: 7y = 15.0 GPa, B, = 2.0, and
vy = 11.0 GPa. By is 2.0 so that the Weibuli distribution
is specialized to the Rayleigh distribution.

The reliability of a nanotube is the probability that the
nanotube will not fail in use. In other words, it is the
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Fig, 6. Probability distribution of nanotube strength at the room tem-
perature of 300 K.

probability that the appiied load does not exceed the nano-
tube strength, Mathematically,® the reliability of a nano-
tube can be calculated as

R="Pr(S; »s5)=1-Pr{S <3) (N

where s is the applied load, which is the stress in this
paper. Consequently, the following equation is derived:

=1— ~((s—yymP (8)

For instance, the reliability of a nanotube at the stress of
30 Gpa is calculated as 20.2%, as shown in the shaded
area in Figure 7. In other words, the probability of failure
for nanotubes subject io 30 Gpa is 79.8%.

It has been shown that temperature has significant
effects on the strength of carbon nanotubes.'” Conse-
quently, there is the effect of temperature on the relie-
bility of nanotubes. Similar to the experiment described
above, we simulate 500 sampies at 1000 K and 3000 K,
respectively, to obtain the statistical properties of nanotube
sirength. The probability distributions of nanotabe strength

BO7

o
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o o
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002 |

Probabiility densily
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Fig. 7. Reliability of nanotubes at 30 Gpa at the room temperature of
300 K.
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at various temperatures are shown in Figure 8. All of them
follow the Weibull distribution. It can be seen that the reli-
ability of a nanotube subject to a specific load is lower at a
higher temperature: For instance, the reliabilities of nano-
tubes subiect to a load of 30 Gpa stress are 20.2%, 16.8%,
and 0.03% at 300 K, 1000 K, and 3000 K. respectively.

When nanotubes are subject to a specific elongation, the
calculated stresses may be various due to randomly located
vacancy defects. In this paper, we consider (40,0) nano-
tubes subject to 3% strain. The calculated stress, o,, also
follows the Weibail distribution with the following three
parameters: 7, = 14.4 GPa, B8, =3.9, and v, = 7.0 GPa at
the temperature of 300 K. Figure 9 illustrates the probabil-
ity density distributions for the strength and stress, respec-
tively. The reliabiity is calculated as follows:

R =Pr(Sy > og) = 1 —Pr(S, < o)

o B
. Ny 118y ('}’.S' Yy )} }
= ]~ expl —u— | —u N s du
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Fig, 9, Probability distributions of strength and stress corresponding to
3% strain at the room temperature of 300 K.
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where u = ((oy — v, )/1,)P7. Using the numerical integra-
tion methods, the above integral can be computed. Conse-
quently, the reliability of nanotubes subject to 3% strain is
33.6%. In Figure 9, the shaded interference region indicates
the probability of failure, which is 66.4%. At the tempera-
tures of 1000 K and 3000 K, the reliabilities of nanotubes
subject to 3% strain are 30.2% and 10.1%, respectively. We
can have the same conclusion that the reliability of carbon
nanotubes is lower at a higher temperature.

6. CONCLUSIONS

In this paper, we reported the first study on the reii-
ability of carbon nanotubes. The considered uncertain-
ties at the nanoscale include the number and location of
vacancy defects. The Poisson point process was employed
to describe those uncertainties. Once a sample, i.e., a car-
bon nanotube with randomly located vacancy defects, was
generated, we performed molecular dynamics simulations
to compute strength and/or stress. To accurately obtain sta-
tistical properties of output strength/stress, a large num-
ber of samples needed to be simulated, Consequently,
molecular dynamics simulations were repeated and time
consurning. The Open Science Grid was used here as an
alternative solution since it enabled a large number of sim-
ulations to run simuitaneousty through the Internet. Based
on our simulation results, the output nanotube strength fol-
lowed the Weibull distribution and had a good agreement
with experimental outcomes. Consequently, the reliability
of nanotubes subject to a particufar load could be com-
puted as the probability that the nanotube strength was
larger (han the load. When nanotubes were subjected to
a specific strain, the calculated stress was also a random
variable due to the uncertainties of vacancy defects. Then,
the reliabifity of nanotubes could be calculated from the
interference region. We studied the temperature effect and
found that a higher temperature resuited in a lower relia-
bility of nanotubes, '
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