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Atomistic simulations of nanotube fracture
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The fracture of carbon nanotubes is studied by molecular mechanics simulations. The fracture behavior is
found to be almost independent of the separation energy and to depend primarily on the inflection point in the
interatomic potential. The fracture strain of a zigzag nanotube is predicted to be between 10% and 15%, which
compares reasonably well with experimental results. The predicted range of fracture stresses is 65—-93 GPa and
is markedly higher than observed. The computed fracture strengths of chiral and armchair nanotubes are above
these values. Various plausible small-scale defects do not suffice to bring the failure stresses into agreement
with available experimental results. As in the experiments, the fracture of carbon nanotubes is predicted to be
brittle.
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[. INTRODUCTION 65-93 GPa, which is significantly above that for all but one
of the specimens measured. Furthermore, we show that some
We report here molecular mechanics and molecular dyof the scatter of failure strains reported by ¥ual® can be
namics studies of the failure of nanotubes. Nanotubes, sindeartially explained by the presence of defects and variations
their discovery in 1991, have attracted much interest be- due to chirality. The simulations always exhibit brittle frac-
cause of their ability to sustain large deformations and theifure, which also agrees with these experiments.
great stiffness and possible high strength. The ability of car- Nanotubes are particularly attractive for studying fracture
bon nanotubes to sustain large bending deformations hd¥y molecular mechanics because they are single molecules
been observed experimentally and verified by molecular dyWith all atoms joined by identical bonds. Thus the degree of
namics studie&:* Molecular dynamics studies have also heterogeneity and the variety of length scales found in frac-
replicated the ability of nanotubes to sustain very distortedure of most materials at the macro scale is probably absent
configurations with only elastic deformations and no creatiori® nanotubes. The major defect that has been postulated is
of atomic defect£:356 the previously mentioned Stone-Wales defect that is of the
Previous molecular mechanics simulations predict thaPrder of several bonds. In addition, in experiments per-
ideal single-walled carbon nanotub@WNT’s) should pos- formed in the transmission electron microscope environment,
sess extremely high tensile strengths. The strain at tensilé iS possible for single atoms to be ejected by impact, see
failure has been predicted to be as high a80% for ~ Smith and LuzZi" and Banhart® . _
SWCNT's (Ref. 7) by molecular mechanics. However, inthe ~ Of course, the interpretation of fracture simulations by
only experimental measuremé@meported so far, the tensile atomistic models must be treated with care, since the recon-
failure strain is usually betweern10% and~13% and as figuration of bonds is not taken into account. However, we
low as 2%. A recent studyof SWCNT'’s with the tight- show that for small initial defects, the fracture strength de-
binding approximation describes a mechanism of defecPends primarily on the inflection point of the interatomic
nucleation in which two hexagon pairs are convertednergy and is almost independent of the dissociation energy.
through a Stone-Wales bond rotation, into 5/7/f#airs of ~ Since the inflection strain occurs substantially before the
pentagon-heptag@,mjefects‘ It was hypothesized that at h|gh strain associated with bond breaking, where the formation of
temperatures, plastic response may occur due to separati@fn€r bonds is expected, these results may give the correct
and glide of these 5/7/7/5 defects whereas at lower temperdicture of fracture at moderate temperatui@s500 K.
ture their presence may result in fractdré!
Molecular S|r_nulat|ons_ of_ fra_cture are now quite common- Il COMPUTATIONAL METHODS
place. The earliest atomistic simulations of fracture were re-
ported in the early 19765 **and many materials have been ~ We used standard molecular mechanics and molecular dy-
investigated. Works closely related to this are of Shenderovaamics methods. By molecular mechanics, we refer to meth-
et al’® who examined the fracture of polycrystalline dia- ods where the equilibrium configuration of the model system
mond, and of Omeltchenket al'® who studied notched is sought by minimizing the energy, which consists of the
graphene. sum of the interatomic potentials minus any work by external
In this paper, the fracture of carbon nanotubes is studiefbrces. Such methods imply a temperatuf® & and cannot
by molecular mechanics and dynamics. We show that somaccount for the effects of temperature. In molecular dynam-
of the features of the experimental results ofétual® on the  ics methods, the momentum equations are integrated in time
failure of carbon nanotubes can be reproduced reasonabfgr the system of atoms with interatomic forces given by the
well by molecular mechanics: the predicted failure strains arénteratomic potential. Thus the effects of nonzero tempera-
10-16% which agrees with some of the experimental resultsures are included, although there are always limitations of
The predicted failure stress for a defect-free nanotube isuch predictions due to the statistical nature of molecular
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motion for systems of bonded atoms and the brevity of the 1 _
time scales that can be simulated as compared to the experi- Ejj :52 [Vr(rij) =BjjVa(rij ], (4)
mental time scales. 1D

The interatomic bonds in nanotubes are hybridized Wheregij is a function of bond angle and
bonds. In most of our calculations, the interatomic potential

is a modified Morse potential function in which a bond- Va(ri)=f(ri) De o ZSB(r—1¢)
angle-bending potential is added, RV 17g—1 ’
E=E +E , 1
Stete menge W Valrip)=f(r;j) ge’ S B(r—re)
Estretcti= Del[1— e_B(r_rO)]Z_ 1}, (2
N ) 4 The functionf(r;;) restricts the pair potential to nearest
Eangle™ 2Ka( 0= 00) T 1+ Ksexid 0— 60)"], () neighbors and is called a cutoff function. It is given by

whereEgechis the bond energy due to bond streteh,gcis

the bond energy due to bond angle-bendmig,the length of 1 F<ra
the bond, and is the current angle of the adjacent bond, a 1 m(r—rq)

; ; ; f(r)y=4 =y1+cog§—— 1SI=<r, (5)
standard deformation measure in molecular mechanics. The 2 ro—ry
parameters are

0 r>ro,
ro=1.39<10 **m, D,=6.03105<10 **Nm, where
B=2.625¢10"m 1, ro=1.450%10"1°m, D,=9.648<1071°Nm,
0,=2.094 rad, k,=0.9x10 ¥ Nm/rad, B=2.1x10""m™1,
Ksexic=0.754 rad *, S=1.22, r;=1.7x10 m, r,=2.0x10 *¥m.

This choice of parameters corresponds to a separation Figure 1 compares the interatomic stretching energy and
(dissociation energy of 124 kcal/mal5.62 eV/atom. Thisis  force for the Brenner and the modified Morse potentials in
the usual Mors¥ potential except that the bond angle- the tensile regime. Because the stretching energy dominates
bending energy has been added and the constants are slighthe behavior in fracture, we show the relationships between
modified so that it corresponds with the Brenner potential fofforce and bond strain with the bond angle kept constant.
strains below 10%. Strain is denoted by and is defined by = (I —14)/1, where

The bond-angle-bending potential does not contribute tdy is the equilibrium(initial) length and the current length
the stretching energy. It is added to stabilize the moleculaof the bond(i.e., the distance between nugldn the Brenner
structure in the tubular configuration. Without a bond-anglepotential, the cutoff functionf(r;;) introduces a dramatic
bending energy, a stable configuration cannot be found foincrease in the interatomic force etr, (like a camelback
the nanotube. Instead, it tends to collapse onto itself. Thusn the force curvg which rises sharply with a peak at
the bond-angle-bending potential plays an essential role iaround 30% strain. This strange feature in the force is a
establishing an equilibrium configuration of the nanotubeyesult of the cutoff function on the interatomic potential.
however, it has little effect on fracture. Shenderovat al!® also noted this behavior and shifted the

The Brenner potential functidhis generally considered cutoff function to larger straingspecific values are not
more accurate and it is also more versatile than the Morsgiven) so that it occurs after the inflection point in the inter-
potential (it can handle bond hybridization and bonds with atomic potential. We have found that the cutoff affects frac-
atoms other than carbanit is given by ture behavior even when it is shifted to 100% strain.
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We have compared the stress-strain response, i.e., thedisplaced upward
elastic modulus or Young's modulus, of zigzag nanotubes for —— e
this modified Morse potential to various experimental and '
numerical results in the literature. In examining values of the
elastic modulus, it should be borne in mind that the axial
response of a nanotube is quite nonlinear between its un-
stressed equilibrium configuration and the configuration pre- Force sensing
ceding fracture. Therefore, we give both the tangent modulus carbonaceous cantilever
and secant moduli for various strain levels. The tangent bond

. . £
moduluskE is the slope of the stress-strain curve, and unless \\
specified otherwise, it refers to the slope at zero strain in this
paper. The secant modulls,is defined at a given value of

straing by FIG. 2. An individual multiwalled carbon nanotube mounted
between two opposing AFM tips.

rigid beam

nanotube

o(e)—o(0)
T : The outer nanotubes in the experiments oféttal® var-

ied in length from 1.80 to 1um and their diameters varied
For our model, the tangent modulus is 1.16 TPa, the secafitom 13 to 36 nm; the multiwalled nanotubes consisted of
moduli at 5% and 10% strains are 0.85 and 0.74 TPa, respe@—19 nested nanotubes. The smallest of the outer nanotubes
tively; Poisson’s ratior=0.29. These values are comparablehad about 180 atoms around the circumference, and 24 000
to those obtained with a molecular mechanics simulation of atoms along the length, which corresponds to a total of 4.3
nanotube with the Brenner potential functidi=1.07 TPa x10° atoms. The largest outer nanotube consisted of ap-
and v=0.192 Van Lier et al® obtainedE=1.14TPa,»  proximately 53.810° atoms. Treating so many atoms
=0.11 with a Hartree-Fock 6-3IGcalculation on a 150 would entail very long computations, so most of our studies
atom [9,0] nanotube. L& obtained E=0.97 TPa andv  were conducted on smaller models. In the initial simulations,
=0.28 with an empirical force-constant model. Salvetata[20, 0] zigzag tubgthe tube is labeled by the usual pair of
et al??> measuredE=0.81+0.41 TPa. It was not specified integergn,,n,] (Ref. 23) consisting of 840 atoms was con-
whether these are tangent or secant moduli. Thus our valuasdered. The dimensions were: radius 0.76 nm and length
fall in the range of these computed and experimental valuegt.24 nm. We also studied larger nanotubes to show that these
It is noteworthy that our calculations show moderately largeresults are essentially independent of size for the defect-free
differences between the tangent modulus and the secantinotube; these will be described later.

Ese

moduli. The separatiofdissociation energy of this Morse We first describe the molecular mechanics simulations. A
potential is 124 kcal/mol, which corresponds to the benzensingle bond at the center of the tube was weakened by 10%
carbon-carbon bond. in all molecular mechanics simulations except where noted.

Certain qualitative and quantitative features of the inter-The motivation for weakening one bond is that the nanotube
atomic force curve play key roles in fracture behavior. Theis a multiatom molecule and only a few defects are known
strain at which the tensile force achieves its peak will bethat could serve as a nucleation site for the cr@oicept for
called the inflection strain since it corresponds to an inflecthe Stone-Wales dislocatibwhich we consider latérIn our
tion paint in the potential. The interatomic force at this pointsimulations, except where noted, there were no defects in the
will be called the peak force. The strain at which the tensilemodel, so the models were perfectly uniform. Strictly speak-
force vanishes is called the bond-breaking strain. The sepdag, there is no reason for weakening one bond if we were
ration or bond-breaking enerdglso called the dissociation only interested in zero-temperature behavior. However, our
energy is the area under the force-strain cureultiplied  objective was to ascertain room temperature behavior where
by the initial length, and it also corresponds to the change inthe velocities of the atoms are random and nonzero. The
the potential. kinetic energy of these atoms follows a Boltzmann distribu-
tion, and thus as the potential energy nears the inflection
point due to the applied force, some bonds will be stretched
beyond the point of maximum force by the kinetic energy.

In the experiments of Yiet al.® arc-grown multiwalled  The intent of the 10% imperfection is to model the effect of
nanotubes were used. The experimental setup is shown mandom velocities on the behavior at nonzero temperatures.
Fig. 2. The multiwalled nanotubes are attached to opposing In our simulations, one end of the nanotube was axially
atomic force microscop€AFM) cantilever tips by a solid displaced while the other end was fixed so that the nanotube
carbonaceous material deposited onto the tips. In most casegas stretched. The applied force is computed by summing
only the outer shelithe outer nanotubewvas attached to the the interatomic forces for the atoms along the end of the
cantilever. The multiwalled nanotubes failed in a sheathlikenanotube where the displacement is prescribed. Instead of
pattern with typically only the outer nanotube failing. There-reporting a deflection and force, we report strain and a nomi-
fore, only the outer nanotube was modeled in these studiesal stress. The strain is given ly=(L—Lg)/Ly, WhereL,

Any interactions of the outer nanotube with the inner tubesandL are the initial and current length of the nanotube, re-
were neglected. spectively. The stress is calculated from the cross-sectional

IIl. RESULTS
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FIG. 3. Force-deflection curve for a model of zigzag nanotube

as compared to experimental resiftsrmalized to stress vs strain FIG. 4. Interatomic force-strain relationships for different sepa-

ration energies for modified Morse potential.

areaS (S= wdh, whered is the diameter of the nanotube and
h is chosen as the interlayer separation of graphite, 0.34 nnifiat potential functions are quite well described using univer-
which has become customary sal functions such as Rydbéfd®and Morsé® functions, for

For the Brenner potential, the nanotube in the moleculawhich the location of the inflection point and the separation
mechanics simulation failed at an elongafiofi28% and the  energy are strongly connected. This means that realistic po-
tensile strength was 110 GPa. This agrees qualitatively withential functions are a good deal less flexible than we have
the computational results of Campbell, Brabec, andassumed in Fig. 4. However, although there may be some
Bernhold (~30%) but does not agree with the experimentsrelationship between separation energy and the inflection
of Yu et al.® where most of the samples failed between 10%point, we doubt it is as strong as indicated in the preceding,
and 13% strain(one is as low as 2%and the tensile for there would then be no need for first-principles models.
strengths range from 11 to 63 GPa. From our studies, we Table | gives the failure strains of the nanotube for differ-
inferred that the high fracture strain could be attributed to theent separation energies. As before, one end was displaced
camelback in the Brenner potential due to the cutoff functioraxially to stretch the nanotube. In addition to the Morse po-
mentioned in the previous section. tential, in which the inflection pointi.e., the peak forge

With the modified Morse potential function of Eqd)—  occurs at 19% strain, we considered a potential with the in-
(3), molecular mechanics simulations give a failure strain offlection point at 13% strain. The constants for the modified
15.7% and a failure stress of 93.5 GPa. The normalized/lorse model are give in Table I. The temperature was con-
stress-strain results along with the experimental results of Ysidered to be 0 K. It can be seen from Table | that the failure
et al® are shown in Fig. 3. As can be seen, the failure strairstrain depends very little on the separation energy but is
is somewhat greater than the highest experimental valustrongly dependent on the location of the inflection point.
while the failure stress is significantly higher. The computedThe results for the nanotube with the modified Morse model
stress exhibits a sudden drop to zero at failure, so the fractusgith a 13% inflection point and 124 kcal/mol separation en-
can be considered brittle. Yu's experiments also show brittleergy are also plotted in Fig. 3. It can be seen that the failure
fracture, for the reported force continues to increase until thatress is only a little above the highest failure stress reported
final measurement, where the force suddenly drops to zerdny Yu et al® The failure strain is somewhat lower than the
Young’s modulus for these experimental results is signifi-three specimens for which experimental stress-strain records
cantly below those previously reportéske beginning of this are available, but the possible slippage in the experiments
section. It is possible that some slippage occurred at thecould explain this discrepancy. The secant Young’s moduli at
attachments for the high-strain cases reported iretyal.?. 5% strain for the two models are also given and are in close
resulting in a decrease in the measured values of Young'agreement with each other and the previously cited values.
modulus. Such slippage would also imply that the failure We repeated some of these studies f¢6@, 0] nanotube
strains are smaller than reported. (separation energy of 124 kcal/mdb check the effect of

To get a better insight into the relationship between frac-hanotube size on the failure behavior. The failure strain and
ture and separation energy, we varied the separation energjress were almost identical to those of the smaller nanotube
for the Morse function but kept the inflection poifite., the  models. Figure 5 shows the evolution of the crack in the
maximum of the interatomic forgainchanged. For this pur- tube. It can be seen that the bond-breaking spreads sideways
pose, we used linear approximations to the Morse force fieléfter the initially weakened bond fails. The failure process is
after 19% strain as shown in Fig. 4. These force fields withcompleted when all bonds around the circumference have
linear postpeak behavior are not intended for general applifailed. We found that once a single bond failed, no equilib-
cations, but are used here strictly to study the effect of varyrium solution could be found with a larger load, and that the
ing the separation energy. Moreover, it has been noted oftefailure process required very little additional displacement.
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TABLE |. Failure strains of[20,0] nanotube for modified Morse potentials with various separation
energies and interatomic force peaks at 19% and 13% strain.

Separation energy Inflection at 19% strain Inflection at 13% strain
(Kcal/mol) D.=6.03105<10 1 Nm D.=2.8949<10 1 Nm
B=2.625<10"m*? B=3.843<10"m?
Eqe=0.85TPa E.=0.81TPa
Failure strain Failure stress Failure strain Failure stress

(%) (GPa (%) (GPa

80 15.0 92.2 10.3 65
100 151 92.3 10.4 65.1
124 15.2 62.6 10.6 65.2
150 15.4 92.9 10.7 65.4
180 15.6 93.1 10.8 65.5
220 15.7 93.3 11.0 65.6
260 15.9 93.5 11.1 65.6
320 16.1 93.6 11.4 65.7

Thus the failure was highly brittle regardless of the size offor a large range of separation energies with the inflection at
the model. 19% strain. This failure strain of the nanotube is smaller than
We have considered a large range of separation energi¢ise strain at which a single interatomic force achieves its
because the potential energy function is highly uncertain fopeak, 19%. This can be explained by the hexagonal molecu-
strains beyond the inflection point, and we wanted to examlar structure of the nanotube. As a consequence of the struc-
ine whether the results depend on the separation energy. There of the bonds, the strains in the longitudinal interatomic
simple interatomic potential used here is certainly not cabonds are larger than the average strain in the nanotube. For
pable of describing the proper behavior of the system whemn inflection point of 13%, the failure strains are around
bonds are broken, and indeed, breaking ofgp&bond ina  10.8%. The ratio of the failure strain to the inflection strain
carbon nanotube can result in a variety of phenomena that gd0.6%/13% is almost identical to the other ca$&5.2%/
beyond what our model can do. For example, new bond49%).
could form between the dangling bonds on the carbon atom As mentioned in the Introduction, atoms may be ejected
at the edge of the fracture regidhprobably with rehybrid-  from a nanotube in the TEM environment. We simulated this
ization, and structural transformations such as the Stonesituation by removing a single atom and the three associated
Wales transformation can take place in rings near the edge dmnds in a zigzag nanotube. The modified Morse potential
as to seal the end of the fractured tube. Some of these phedth a 19% inflection strain and 124 kcal/mol separation
nomena will depend on the surroundings of the carbon nanaenergy was used. The computed failure strain is 10% while
tube, and temperature is also expected to play a role. Thus féilure stress is 74 GPa. The normalized force-deflection
fracture strength depended strongly on the separation energyrve for this simulation is shown in Fig. 3. The force-
it would not be reasonable to model fracture with moleculardeflection curve of this defective nanotube is almost identical
mechanics. Fortunately, our results show a very weak depeite that of the defect-free nanotube until it fractures. However,
dence of fracture strain on the separation energy, so the shafracture occurs at a substantially lower stress and strain than
of the potential surface after the inflection point cannot befor the defect-free nanotube, and the fracture strain is below
important to fracture behavior. The simulations show that theseveral of the values reported by Y al® However, the
failure strain of the nanotube is essentially independent ofracture stress is still greater than all observed values.
the separation energy and depends primarily on the inflection We next examine the effect of the chirality on fracture. Yu
point of the interatomic potential. et al® were not able to measure the chirality of the outermost
According to Table I, the failure strains are about 15.5%nanotubes, so we cannot compare the effect to experiments.

(a) (b)

FIG. 5. Evolution of the crack
in the nanotube.
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(a) (b)

FIG. 6. Crack evolution in the
(a) [12,12 armchair nanotube and
(b) [16,8] chiral nanotube.

We examined three types of nanotubes in addition to the 1
zig-zag nanotube(l) [12, 12 armchair nanotub&?) [16, §] Etnerma 5
chiral nanotube(3) [16, 4]chiral nanotube.

The modified Morse potential with the separation energy
of 124 kcal/mol was used in all simulations. Molecular me-WhereN is the number of atomsn, is the mass of atorh,
chanics simulations with one-end displaced as before werand»;, are the components of the velocity of atém
made. Figure 6 shows the crack evolution for the chiral and The modified Morse potential with an inflection point at
armchair nanotube, showing that the failure pattern is similad9% strain and 124 kcal/mol separation energy was used at
to that of the zigzag nanotube. The computed forcetemperatures of 200—400 K. The ¥t al® experiments were
deflection curves are shown in Fig. 7. It can be seen that theompletely static in a mechanical sense: the loads were ap-
calculations predict a moderate dependence on the chiraliglied over several minutes while the period of the lowest
of the nanotube on the strength. The computed failure straiffequency a nanotube (lengt#.24 nm) is estimated to be
of the[12, 12 armchair nanotube is 18.7%, and the failure0.21 ps. In molecular dynamics simulations of essentially
strength is 112 GPa. Thus the armchair nanotube is strongétatic phenomena, a common hazard is that if the loa@ing
than the zigzag nanotube, and the strength of[tt& 8  prescribed displacemeris applied too quickly, stress-wave-
nanotubg17.1% failure strain and 106 GPa failure stjgss  like phenomena occur with considerable overshoot in inter-
between the two. The failure mode is brittle for all casesatomic forces. These can lead to spurious fracture. Applying
with a rapid decrease in stress after the start of the fracturdéhe prescribed displacement from zero to the failure strain in

In order to ascertain the appropriateness of weakening @ molecular dynamics simulation without inducing spurious
bond in the molecular mechanics studies, we made severffiacture proved to be too expensive. Therefore we ran the
molecular dynamics simulations without any weakenedsimulation as follows:
bonds. For a temperatuiie the thermal energy is given by

N 3
2, > mf, (7)

=11

(1) A molecular mechanics simulation was used to bring
the nanotube to 12% tensile strain.
Etherma= Cp T, ©®) (2) The velocities due to temperature were applied to the
atoms and the model was brought to steady state by integrat-
ing the momentum equations for the atoms in tifeeady-
state is often called equilibrium

where C,=8.64 Jmol K™% A Boltzmann distribution is
used for the velocities, which are related to the thermal en

ergy by (3) The displacements at the end were prescribed to pro-
vide an extensional strain rate of 0.0072/ps.
120 [12.12]armchair . . .
-~ [16,8]chiral In the;e molecular dynam|cs. S|mulgt|ons, we fo_und that
1000F_ _ _ . [16.4]chiral I the Iocgtlon of the crapk was quite arbitrary gnd varied from
20,0k ig-2ag i simulation to simulation, but the scatter in the fracture
~ gol ;, strength was quite small. The nanotube failed at (15.8%
& ' i +0.3)% strain at a stress of @3 GPa. This compares quite
g | :: well with the 15.8% strain and 93.5 GPa stress obtained from
a 60 i the molecular mechanics simulation with a 10% weakened
£ i bond.
@ 40 b One topological defect that has recently been identified
' :: theoretically is the 5/7/7/5 defet.This defect corresponds
20+ i to a 90° rotation of a C-C bond about its center as shown in
: : Fig. 8, and is called a Stone-Wales transformafittresults
0 55 , ‘0'1‘ ~ 0115 A 0-2 in two pentagons an.d two heptagons coupled in pairs. To
’ stfain : : study the effect of this defect on the behavior of the nano-

tube, we simulated a single defect at the center off fige
FIG. 7. Normalized force-deflection curves for nanotubes of dif-12] armchair nanotube by molecular dynamics. The displace-
ferent chiralities. ment was prescribed at the end of the nanotube and the 124
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. FIG. 8. Defect in(a) before rotation andb)
after rotation.

(a) (b)

kcal/mol modified Morse potential was used. The failurestrain range, the failure stress is 93 GPa; for a potential with

strain is 14.3% and the failure stress is 97.5 GPa. Comparegh inflection point at 13% strain, the failure stress is 65 GPa.

to the armchair nanotube with a weakened bond shown iThe latter value is close to the highest value reported by Yu

Fig. 7, the 5/7/7/5 dislocation gives a somewhat lower failurest g/ 8

strain and lower tensile strength. The fracture is still brittle. A similar reduction in strength is observed when a defect
The study of the 5/7/7/5 defect was repeated with40) s introduced by removing one atom and the associated

tube is 14.2% and the fracture is still brittle. So the size Ofexperiments of Yiet al® contain defects and that the large

the nanotube has little effect on the strength. Figure 9 shows,aiter in failure stress may be due to these defects.
that for the 5/7/7/5 dislocation, the maximum shear strain
occurs in thex(7/4) direction® As can be seen from Fig. 9,
the cracks grow in the direction of maximum shear.

It was shown that the fracture strain of extremely homo-
geneous systems with covalent bonds, such as the carbon
nanotube, appears to be driven primarily by the inflection
point in the interatomic potential, even when defects are in-
cluded. The separatiofdissociation energy has little effect

It has been shown that some of the salient features of then the fracture strain. For fourfold differences in the separa-
fracture behavior of carbon nanotube, such as the brittiéion energy, the failure stress only changes by 1%.
character of the fracture and the magnitudes of fracture Nanotubes with several chiralities were also studied.
strains, can be explained by atomistic simulations. In thes€hirality appears to have only a moderate effect on the
simulations, the range of failure strains of defect-free nanostrength of nanotubes, with the failure stress varying from
tubes was found to correspond roughly to observed value€3.5 to 112 GPa and the failure strain from 15.8% to 18.7%.
and is in the range of 10%-16%. However, the predictedn all cases the fracture was predicted to be brittle, which
fracture stresses are too large. For a modified Morse potentialgrees with experiments.
that closely matches the Brenner potential in the 0-15% Because of the homogeneity of multiatom molecules such

IV. CONCLUSIONS
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FIG. 9. Crack formation in the
[40,40 armchair nanotube with
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as the nanotube, it is difficult to postulate minor defects foras carbon must generally be treated with caution. However,
nucleating a fracture. To provide a nucleation site for a crackhe great insensitivity of the results to dissociation energies
in the defect-free nanotubes, we reduced the strength of grovides some confidence that these models can be used for
single bond by 10%. Our explanation for this artifact is thatfracture studies of nanotubes in a variety of situations. The
when the nanotube is near failure at nonzero temperaturgjgnificant overprediction of experimentally measured failure
because of the nonzero velocities of the atoms, some atomgrengths by simulations of defect-free models suggests that

would pass beyond the inflection point even in a perfectgefects may play an important role in the fracture behavior of
homogeneous nanotube. This approach was verified by M@ranotubes.

lecular dynamics studies.

We also studied the effects of missing atoms and 5/7/7/5
defects. The latter have small effects on strength but changed
the failure pattern: the band of broken bonds occurs at an
angle to the circumference of the nanotube. Nevertheless, the The support of the Army Research Office and National
failure mode remained brittle. Even a single missing atomScience Foundation are gratefully acknowledged by the first
has a significant effect on strength, reducing it by about 25%two authors. G. S. acknowledges the supported of AFOSR
However, a missing atom also decreases the failure straiURI Grant No. F49620-01-1-0335. R. R. gratefully ac-
significantly, so the computed failure strains then underestiknowledges the support of the NASA Langley Research
mate the experimental results. Center for Computational Materials: Nanotechnology Mod-

The application of atomistic models of active bonds sucheling and Simulation Program.

ACKNOWLEDGMENTS

*Email address: tedbelytschko@northwestern.edu 150. A. Shenderova, D. W. Brenner, A. Omeltchenko, X. Su, and L.

1s. lijima, Nature(London 56, 354 (1997). H. Yang, Phys. Rev. B1, 3877(2000.

2S. lijima, C. Brabec, A. Maiti, and J. Bernholc, J. Chem. Phys.18A. Omeltchenko, J. Yu, R. K. Kalia, and P. Vashishta, Phys. Rev.
104, 2089(1996. Lett. 78, 2148(1997).

®B. I. Yakobson, C. J. Brabec, and J. Bernholc, Phys. Rev. T&it. 7B\, Smith and D. E. Luzzi, inThe Physics of Electronic and

. 2511(1996. _ Atomic Collisions edited by Louis J. Duhel. Brian A. Mitchell,
M. R. Falvo, G. J. Clary, R. M. Taylor Il, V. Chi, F. P. Brooks, Jr., 3 wjilliam McConkey, and Chris E. Brion, AIP Conf. Proc. No.
S. Washburn, and R. Superfine, Natuiieondon 389, 582 360 (AIP, Woodbury, NY, 1995

(1999 . 18F, Banhart, Rep. Prog. Phy82, 1181(1999.

J. Despres, E. Daguerre, and K. Lafdi, Carta® 87 (1995. 19D, W. Brenner, Phys. Rev. B2, 9458(1990

6 o0
7R' S. Ruoff and D. Lorents, Bull. Am. Phys. Sef), 173 (1995, 20G. van Lier, C. Van Alsenay, V. van Doren, and P. Geerlings,
M. P. Campbell, C. J. Brabec, and J. Bernholc, Comput. Mater. Chem. Phys. Lett326, 181 (2000

Sci. 8, 341 (1997). 2
8M. F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly, and R. S. > " -U» Phys. Rev. Let9, 1297 (1997.

Ruoff, Science287, 637 (2000, 2, P..Salvetat, G.A.D. Brriggs, J. M. Bonard, R. R. Bacsa, A. J.
9M. B. Nardelli, B. I. Yakobson, and J. Bernholc, Phys. Rev. Lett. Kulik, T. Stockli, N. A. Burnham, and L. Forro, Phys. Rev. Lett.
81, 4656(1998. 5 O 944 (1999 o
108, |, Yakobson, Appl. Phys. Let72, 918 (1998. C. T. White, D. H. Robertson, and J. W. Mintmire, Phys. Rev. B
1IM. B. Nardelli, B. I. Yakobson, and J. Bernholc, Phys. Re\6B 47, 5485(1993.
4277(1998. 243. R. Smith, T. Perry, A. Banerjea, J. Ferrante, and G. Bozzolo,
2R, Chang, Int. J. Fract. Mecl, 111 (1970. Phys. Rev. BA4, 6444(199).
13p_C. Gehlen and M. F. Kanninen, 587, edited by M. F. Kanniner’>D. Vogtenhuber and R. Podloucky, Phys. Rev.5B, 10 805
(McGraw-Hill, New York, 1970. (1997.
143 E. Sinclair and B. R. Lawn, Proc. R. Soc. London, Se828,  2%J. L. Graves and R. G. Parr, Phys. Rev3A 1 (1985.
83 (1972. 2TA. Maiti, Phys. Rev. Lett331, 21 (2000.

235430-8



