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In this paper, we investigate effects of vacancy defects on fracture of carbon nanotubes and carbon nanotube/
aluminum composites. Our studies show that even a one-atom vacancy defect can dramatically reduce the
failure stresses and strains of carbon nanotubes. Consequently, nanocomposites, in which vacancy-defected
nanotubes are embedded, exhibit different characteristics from those in which pristine nanotubes are embed-
ded. It has been found that defected nanotubes with a small volume fraction cannot reinforce but instead
weaken nanocomposite materials. Although a large volume fraction of defected nanotubes can slightly increase
the failure stresses of nanocomposites, the failure strains of nanocomposites are always decreased.
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I. INTRODUCTION

It is known that carbon nanotubes �CNTs� have large ten-
sile modulus1,2 and high thermal conductivity.3,4 The Young’s
moduli of CNTs are around 1 Tpa and their thermal conduc-
tivity can be 6600 W/m K. On the other hand, CNTs are
expected to have high strength. Previous theoretical analyses
and numerical simulations predicted failure strengths of up
to 300 Gpa for CNTs.5–7 Consequently, they have been pro-
posed as ideal fibers for the manufacture of the next genera-
tion of composite materials with mechanical and thermal
management applications.8–10 However, low failure stresses,
which are in the range of 21–63 Gpa, were observed in the
experiments.11 Such observation conflicted with theoretical
and numerical analyses outcomes.

Some researchers have pointed out the significant effects
of defects on nanotube fracture.12,13 Defects in CNTs can
arise from various causes. Chemical defects consist of atoms/
groups covalently attached to the carbon lattice of the tubes
such as oxidized carbon sites or chemical vapor
deposition.14,15 Topological defects correspond to the pres-
ence of rings other than hexagons, mainly studied as
pentagon/heptagon pairs.16,17 Incomplete bonding defects
like vacancies may be caused through impact with high-
energy electrons in the transmission electron microscopy en-
vironment, see Banhart,18 or defects in the original outer
nanotube shell.

Chemical defects usually occur during functionalizing
CNTs so that chemical bonds can be formed between CNTs
and the matrix material in nanocomposites. Consequently,
the mechanical properties of nanocomposites can be signifi-
cantly enhanced19,20 because of the strong interfacial load
transfer. However, we do not think that functionalization will
have significant effects on the nanotube fracture itself.
5 /7 /7 /5 dislocation, also called Stone-Wales dislocation, re-
sults in high failure strengths5,7 in comparison with the ex-
perimental results. Incomplete bonding, especially vacancy,
will form nanoscale cracks or holes that can have large varia-
tions in size. Such an initial mechanism can dramatically
reduce the strength of CNTs. Belytschko et al.12 obtained
reasonable results that can account for the fractures in the

experiments11 with an n-atom defect model �vacancy due to
n atoms missing�. However, since the bonds along the hypo-
thetical crack were not reconstructed, the physical plausibil-
ity of these defects remains in question. In research per-
formed in collaboration with Belytschko, Car, Ruoff, Schatz,
etc., the role of vacancy defects and holes in the fracture of
CNTs13 was studied. Both quantum mechanical and molecu-
lar mechanics calculations indicated that the holes due to
one- and two-atom vacancy defects could reduce failure
stresses by as much as �26%. In their studies, nanotubes
were assumed at zero temperature.

Since high strengths of CNTs were predicted, it was as-
sumed that the toughness of their embedded composite ma-
terials could be significantly increased.19–21 Generally, three
types of materials can be used as the matrix: polymers,21,22

ceramics,23,24 and metal.25,26. Because polymers have low
density and are easy to shape, they are the first choice as the
matrix of fiber reinforced composites. As a structural mate-
rial, ceramics present many advantages over polymers, such
as high rigidity and hardness, even at high temperature, and
low sensitivity to corrosion. However, they are brittle. Such
weakness can be made up by reinforcing the composites with
CNTs. Lately, there has been more interest in using metal as
the matrix material for composites. It has been found that the
fracture toughness of a metal matrix composite with nano-
tubes can be increased by up to 200%.27

In this paper, we will first study the failure mechanism of
vacancy-defected CNTs using molecular dynamics. As a dif-
ference from previous research work, vacancy defects are
modeled by taking out atoms and then reconstructing bonds.
Various temperatures will be considered to investigate tem-
perature effects on the fracture of CNTs. We also study size
effects of vacancy defects on a nanotube fracture at room
temperature, i.e., T=300 K. Then, nanotube-embedded alu-
minum �CNT/Al� composites are considered to investigate
effects of vacancy defects on fracture of nanocomposites. In
this paper, only nonbonded interatomic interaction, i.e., van
der Waals energy, is considered at the CNT/Al interface,
since no chemical reactions were observed during processing
of CNT/Al composites in the experimentation.27
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II. COMPUTATIONAL MODELS

A. Molecular dynamics

In molecular dynamics simulations, the following equa-
tions of motion are solved for the whole simulated system
without the consideration of external forces:

mId̈I = −
�E

�xI
�1�

where mI is the mass of atom I, xI is its position, and xI
=XI+dI �XI is the original position of atom I and dI is its
displacement�. E�x� is the potential function. A Hoover
thermostat28 is implemented so a constant temperature can be
maintained during molecular dynamics simulations.

B. Carbon nanotubes

In this paper, only single-walled carbon nanotubes
�SWNTs� are considered. The modified Morse potential
function7 is employed to describe interatomic interaction in
carbon nanotubes. This potential can be written as

E = Estretch + Eangle,

Estretch = De��1 − e−��r−r0��2 − 1� ,

Eangle =
1

2
k��� − �0�2�1 + ks�� − �0�4� , �2�

where Estretch is the bond energy due to bond stretching or
compressing, Eangle is the bond energy due to bond angle-
bending, r is the current bond length, and � is the angle of
two adjacent bonds representing a standard deformation
measure in molecular mechanics. The parameters are

r0 = 1.42 � 10−10 m, De = 6.03105 � 10−19 N m,

� = 2.625 � 1010 m−1, �0 = 2.094 rad,

k� = 1.13 � 10−18 N m/rad2, ks = 0.754 rad−4. �3�

It has been shown that this potential function results in rea-
sonable Young’s modulus and Poisson’s ratio of nanotubes
compared with experimental investigations. Belytschko and
his co- workers7 showed that the modified Morse potential
could predict nanotube fracture better than the Brenner’s
potential.29

Before molecular dynamics simulation, the equilibrium
state of nanotubes needs to be obtained via energy minimi-
zation. During the simulation, one end of the tubes is fixed
and another end is loaded with prescribed displacements. For
each displacement increment, 0.005 nm, the tube was equili-
brated for 1000 time steps. Another 100 time steps are used
to calculate the time-averaged external force F. The applied
external force F can be calculated by summing the internal
forces applied on the prescribed displaced atoms. One can
obtain the stress via �=F / ��Dh�, where D is the tube diam-
eter and h is the tube thickness, i.e., 0.34 nm.

C. CNT/Al composites

The unit cell model of nanotube-embedded aluminum
composites is shown in Fig. 1 in that only long continuous
tubes are considered. We also assume that the nanotubes are
homogeneously distributed with uniaxial alignment. Periodic
boundary conditions are employed. The total potential of the
simulated CNT/Al composite cell can be written as

E = ECNT + EAl + ELJ �4�

where ECNT is the potential of the embedded carbon nano-
tube and is calculated from Eq. �2�. An embedded-atom
method potential function30,31 is used for Al–Al bonds and it
is

EAL =
1

2�
ij

V�rij� + �
i

F��i� , �5�

where V�rij� is a pairwise potential as a function of distance
between atom i and atom j, and F is the “embedding energy”
as a function of the “atomic density” �i that represents envi-
ronment effects by all surrounding atoms in the system. The
latter is given by

�i = �
j�i

��ri� �6�

where ��rij� is the “atomic density” function.
Since only weak CNT/Al interfaces were observed in the

experimentation,27 the Lennard-Jones potential as follows is
used to describe nonbonded interaction between the embed-
ded carbon nanotube and the aluminum matrix.

ELJ = 4�	
�

r
�12

− 
�

r
�6� . �7�

The parameters for the interactions between carbon atoms
and aluminum atoms are obtained from the Lorentz-Berelot

FIG. 1. CNT-embedded aluminum composites.
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combining rules: �=0.038 eV and �=0.296 nm. The simu-
lation procedure is similar to what is described above.

III. FRACTURE OF VACANCY-DEFECTED NANOTUBES

In this paper, we assume that vacancy defects are present
in the middle of nanotubes. The vacancy defects are modeled
by taking out atoms and then reconstructing bonds. If a
single atom is removed from a zigzag tube, a 12-membered
ring exists. Such a ring can be reconstructed to a pentagon
and an enneagon as shown in Fig. 2. This configuration is
identical to the symmetric configuration defined in Ref. 13.
Although there are other possible configurations,13 the asym-
metric configurations, during the reconstruction, we use the
symmetric one because it results in a lower potential for a
one-atom vacancy-defected nanotube than asymmetric con-
figurations. When such a nanotube is under tension, bond 1
and 2 of the enneagon will become unstable and broken first.
Then, the crack will propagate along the circumference of
the tube until the tube is broken.32 The one-atom vacancy-
defected nanotube, shown in Fig. 2, can be viewed as the
nanotube containing an initial crack. The crack length, which
is the distance between bonds 1 and 2, is 0.48 nm. Here, we
neglect the curvature effect of nanotubes.

If a zigzag nanotube contains a two-atom vacancy defect,
a bond will be removed and a crack will be initiated after
bond reconstruction. In this paper, we assume the initial
crack is always perpendicular to the tube axis to simplify the
model. The configuration of a two-atom vacancy defect as
shown in Fig. 3�a� is the most possible configuration because
it requires less energy to remove a bond than two separated
atoms. It can be seen that the initial crack length is equal to
the length in a one-atom vacancy-defected tube as shown in
Fig. 2. Similarly, Fig. 3�b� shows a four-atom vacancy de-
fect, in which an initial crack of 0.73 nm exists after taking
out two bonds. For armchair nanotubes, one-atom, two-atom
�one-bond�, and four-atom �two-bond� vacancies will result
in initial cracks with lengths of 0.21, 0.28, and 0.49 nm,
respectively, as shown in Fig. 4. Models for longer initial
cracks can be generated similarly for both zigzag and arm-
chair nanotubes.

We first investigate the fracture of �40,0� zigzag nano-
tubes containing one-atom, two-atom, and four-atom va-
cancy defects separately. All the nanotubes have a length of
6.0 nm and a radius of 1.5 nm. Various temperatures are con-
sidered. Figure 5 illustrates that the calculated failure stresses
and strains of defected nanotubes are compared with those of
the pristine �40,0� nanotube. It can be seen that higher tem-
peratures result in lower failure stresses and strains. How-
ever, the temperature effects on fracture of vacancy-defected

nanotubes are not as significant as those effects on fracture of
pristine nanotubes. Figure 5�a� shows that the strength of the
pristine �40,0� zigzag nanotube at 2000 K is reduced by 23%
compared with its strength at 0 K. However, for defected
zigzag nanotubes, the strengths are reduced only by 15%. It
also can be seen that failure stresses and strains for one-atom
and two-atom vacancy-defected zigzag nanotubes are similar
because the lengths of the initial cracks are the same �see
Figs. 2 and 3�a��.

As well, we study the size effect of vacancy defects on a
nanotube fracture at the room temperature of 300 K. Initial
cracks with various lengths up to 2 nm are considered. Fig-
ure 6 compares failure stresses of �40,0� vacancy-defected
zigzag nanotubes and those of �23,23� vacancy-defected arm-
chair nanotubes. Both �40,0� zigzag nanotubes and �23,23�
armchair nanotubes have a similar length and diameter. We
can see that the pristine armchair nanotube has a higher fail-
ure stress than the pristine zigzag nanotube. Belytschko and
his co-workers7 also gave the same conclusion. Furthermore,
vacancy-defected armchair nanotubes have higher failure
stresses than vacancy-defected zigzag nanotubes if the initial
crack lengths are the same. The exception is that when the
initial crack length is 0.48 nm, failure stresses are the same
for both armchair and zigzag tubes. Such a phenomenon can
be observed at various temperatures, as the failure stresses
listed in Table I show.

We think this phenomenon is due to different fracture
models occurring in different nanotubes. For a zigzag nano-

FIG. 2. One-atom vacancy defect in a zigzag
nanotube.

FIG. 3. Initial cracks in zigzag nanotubes. �a� Two-atom va-
cancy and �b� four-atom vacancy.

FRACTURE OF VACANCY-DEFECTED CARBON¼ PHYSICAL REVIEW B 73, 115406 �2006�

115406-3



tube, the crack propagates along its circumference until it is
broken. The fracture is mode I fracture as shown in Fig. 7�a�.
For an armchair tube with an initial crack of length 0.48 nm,
a mode I fracture is mainly observed �see Fig. 7�b�� so that
the failure stress is similar to that of a zigzag tube containing
the initial crack with the same length. For other vacancy-
defected armchair nanotubes, cracks propagate along the
angle of 30° with the axis of the tube due to the geometry of
an armchair tube, as the example shown in Fig. 7�c�. There-
fore a mixed mode I/II fracture occurs and the calculated
failure stresses are higher than those of zigzag nanotubes
containing initial cracks with the same length.

From Fig. 6 we also can see that the vacancy-defected
zigzag tubes with longer initial cracks up to 1.0 nm have
lower failure stresses. When the length of an initial crack is

larger than 1.0 nm, size effects of initial cracks on zigzag
nanotube fracture are not significant. Therefore, a length of
1.0 nm can be viewed as the critical length for size effects of
initial cracks on zigzag nanotube fracture. Such a critical
initial crack length for armchair nanotubes is 1.4 nm as illus-
trated in Fig. 6. It should be noted that the initial crack
lengths are fairly small compared to the circumference length
of nanotubes. Therefore, size effects of nanotubes are ig-
nored.

IV. FRACTURE OF CNT/Al NANOCOMPOSITES

In this paper, we also investigate aluminum-based nano-
composites in that long continuous carbon nanotubes are em-
bedded with uniform alignment and homogeneous distribu-

TABLE I. Comparison of failure stresses �GPa� of nanotubes
with a 0.48-nm-long initial crack at various temperatures

10 K 300 K 600 K 1000 K

�40,0� zigzag nanotube 64.82 62.22 60.54 57.90

�23,23� armchair nanotube 64.56 61.43 60.54 57.41

FIG. 4. Initial cracks in armchair nanotubes. �a� One-atom va-
cancy, �b� two-atom vacancy and �c� four-atom vacancy.

FIG. 5. Fracture of �40,0� zigzag nanotubes at various tempera-
tures: �a� failure stresses and �b� failure strains.

FIG. 6. Failure stresses of defected nanotubes at 300 K.
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tion. A unit cell model of aluminum nanocomposites with
periodic boundary conditions is studied as illustrated in Fig.
1. We first consider the unit cell with the following dimen-
sions: length of 2.16 nm, width of 2.16 nm, and depth of
4.32 nm. �5,5� armchair nanotubes, which have a diameter of
0.679 nm and a length of 4.32 nm, are embedded in the com-
posite materials. Consequently, there are a total of 1712 alu-
minum atoms and 320 carbon atoms. The volume fraction of
a carbon nanotube in the nanocomposite is 20%. The pre-
scribed displacement is applied along the axial direction of
the nanotube to investigate fracture of nanocomposites. Both
the pristine tube and the defected tube with a two-atom va-
cancy are considered. Since the simulated nanotube is small,
we do not consider vacancy defects with large size.

Figure 8 shows the failure stresses of nanocomposites
compared with those of aluminum �Al� crystalline at various
temperatures. High temperatures result in low strengths. It
also can be seen that the pristine nanotube can enhance the
strength of nanocomposites to 200% of that of Al crystalline.
However, if the defected tubes with a two-atom vacancy are
employed as inclusions, the enhancement of nanocomposite
strength is only 25%, as illustrated in Fig. 8. For example, at
the room temperature of 300 K, the strength of Al crystalline
is 11.60 GPa. The strengths of pristine CNT/Al nanocompos-
ite and defected CNT/Al nanocomposite are 22.7 and
14.5 GPa, respectively. The above phenomenon is due to the
fact that defected nanotubes have much lower strengths than
pristine nanotubes. A pristine �5,5� nanotube has the strength
of 110.2 GPa at 300 K, but the strength of a �5,5� tube with

a two-atom vacancy defect dramatically reduces to 62.1 Gpa.
Consequently, the enhancement of vacancy-defected tubes as
inclusions on the reinforcement of nanocomposites is not as
significant as those of pristine tubes. It should be noted that
only a two-atom vacancy defect is studied here. If a larger
vacancy defect exists in the embedded nanotube, we believe
that the effects of nanotube on reinforcement are less signifi-
cant.

An interesting phenomenon can be observed in Fig. 9,
which compares failure strains of Al crystalline and CNT/Al
nanocomposites when the volume fraction of embedded
nanotubes is 20%. It can be seen that pristine CNTs can

FIG. 7. Fracture modes of �a� a �40,0� zigzag nanotube with an initial crack of length 0.48 nm �mode I fracture�; �b� a �23,23� armchair
nanotube with an initial crack of length 0.48 nm �mode I fracture�; and �c� a �23,23� armchair nanotube with an initial crack of length
0.92 nm �mixed mode I/II fracture�.

FIG. 8. Failure stresses of nanocomposites compared with those
of aluminum crystalline.
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improve failure strains of nanocomposites but the defected
CNTs decrease failure strains of nanocomposites even
though the strengths are improved. Such phenomenon occurs
because Al crystalline has a failure strain lower than a pris-
tine CNT but higher than a defected tube. For instance, we
investigate material failures at the room temperature of
300 K. Molecular dynamics simulation shows that the Al
crystalline has the failure strain of 12.4%, and the failure
strain of the pristine �5,5� nanotube is 19.6%. When the
nanocomposite with the pristine �5,5� nanotube was under
tension, we observed that the Al matrix fails first because its
failure strain is smaller than that of the embedded nanotube.
The nanotube bridges the cracks inside of the matrix, shown
in Fig. 10, until it is broken, i.e., the nanocomposite fails.
Consequently, the pristine nanotube reinforces the nanocom-
posite by increasing both the failure stress and the failure
strain. On the other hand, the defected �5,5� nanotube with a
two-atom vacancy fails at the 7.5% strain. When a defected
tube is embedded in the nanocomposite, the nanotube will be
broken first since it has smaller failure strain than the Al
crystalline. Then, the nanocomposite fails quickly. We can
conclude that the embedded defected nanotubes can increase
the strength of CNT/Al nanocomposites but decrease their
failure strains.

The above studies are based on the assumption that the
volume fraction of embedded nanotubes is 20%. If various

volume fractions of nanotubes are considered, defected nano-
tubes will result in different characteristics of nanocompos-
ites from those in which pristine nanotubes are embedded.
The effects of volume fraction of embedded nanotubes on
strength of CNT/Al nanocomposites are illustrated in Fig. 11.
If pristine �5,5� nanotubes are embedded, lower strength of
CNT/AL is calculated for a smaller volume fraction of nano-
tubes. The nanocomposite strength is similar to the strength
of aluminum crystalline when the volume fraction is less
than 5%. As well, an interesting phenomenon when defected
�5,5� nanotubes are embedded is observed. When the volume
fraction of defected nanotubes is less than 15%, it can be
seen that nanotubes cannot reinforce but instead weaken
CNT/Al composites. We think this phenomenon is due to the
different roles of failure stress and strain of defected nano-
tubes in nanocomposites. As discussed above, failure stress
of a two-vacancy defected �5,5� nanotube is larger than that
of Al crystalline, while its failure strain is less than that of Al
crystalline. Therefore, failure stress of the defected nanotube
plays a role in reinforcing CNT/Al nanocomposites �i.e., in-
creasing the strength of nanocomposites�, while its failure
strain plays a role in weakening the composites �i.e., decreas-
ing the failure strain and in turn the strength of nanocompos-
ites�. When the volume fraction of a defected nanotube is
20% as studied above, failure stresses of nanotubes play a
more important role than their failure strains. Consequently,
defected nanotubes slightly reinforce the CNT/Al nanocom-
posites. At the volume fraction of 14%, effects from both
failure stress and failure strain of the defected nanotube are
balanced. Therefore, nanocomposites have the same strength
as Al crystalline. If defected nanotubes with lower volume
fractions are embedded, roles of their failure strains are more
significant than those of their failure stresses. Then, such a
phenomenon, in which nanocomposites are weakened by de-
fected nanotubes as inclusions, is observed.

V. CONCLUSIONS

In this paper, we first studied the fracture of nanotubes
containing vacancy defects. Compared with pristine nano-
tubes, strengths of vacancy-defected nanotubes are dramati-
cally reduced according to the length of crack initiated via

FIG. 9. Comparison of failure strains.

FIG. 10. A nanotube bridging the crack.

FIG. 11. Effects of volume fraction of embedded nanotubes on
strength of CNT/Al composites.
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the vacancy. We also found that temperature effects on the
strength of vacancy-defected nanotubes are not as significant
as those on the strength of pristine nanotubes. In addition, we
employed CNT/Al nanocomposites to demonstrate whether
vacancy-defected nanotubes can reinforce composite materi-
als or not. Due to experimental observation, no chemical
bonds exist at the CNT/Al interface. Several interesting phe-
nomena were observed for defected CNT/Al composites
other than pristine CNT/Al composites. At first, a critical
volume fraction should be reached for vacancy-defected
nanotubes to reinforce the aluminum matrix. For example,
14% is the critical volume fraction if �5,5� nanotubes with a
two-atom vacancy defect are expected to increase the
strength of CNT/Al nanocomposites. Second, although with

a large volume fraction defected nanotubes can increase the
failure stress, i.e., strength, of nanocomposites, the defected
nanotubes reduce the failure strain of CNT/Al composites.
We should point out that only the weak CNT/matrix interface
is considered in this paper. Strong load transfer at the CNT/
matrix interface may be achievable through functionalization
of nanotubes. This will be our future research topic.
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