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Mechanism of strain release in carbon nanotubes
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Static and dynamical properties of carbon nanotubes under uniaxial tension have been investigated via
guantum and classical simulations. In strained nanotubes at high temperatures we observe the spontaneous
formation of double pentagon-heptagon defect pairs. Tubes containing these defects are energetically preferred
to uniformly stretched tubes at strains greater than 5%. These topological defects act as nucleation centers for
the formation of dislocations in the originally ideal graphite network, and they constitute the onset of a plastic
deformation of the carbon nanotube. The mechanism of formation of such defects, their energetics, and
transformations are describd®0163-1828)50208-]

Since their discovery in 1994 carbon nanotubes have the exchange and correlation energy was used. Nonlocal,
attracted much interest due to their peculiar character at rorm-conserving pseudopotentidisvere included using the
crossroad between traditional carbon fibers and fullerenekleinman and Bylander approa¢h A tetragonal supercell
They hold substantial promise for use as superstrong fibersyith grid spacing of 0.38 a.u. in the, y, andz directions
catalysts, and as components of novel electronic devices. D&as employed after a careful convergence study, thereby en-
spite the potential impact that new composites based on casuring that the real-space description of the pseudopotential
bon nanotubes would have in many areas of science arid accurate. A large vacuum region sf6 A surrounded the
industry, very little is known about the microscopic origin of tube in order to avoid interactions between its periodic im-
their strength and a complete theoretical understanding afges, while periodic boundary conditions were imposed
their behavior is desirable. The excellent resistance of carboalong the axis of the tube itself. All the quantum simulations
nanotubes to bending has already been observed experimgmave been done using(8,5 armchair nanotube in a super-
tally and studied theoreticalf7* The remarkable flexibility ~cell of lengthl =14.75 A at zero strain, which included 120
of the hexagonal network allows the system to sustain vergarbon atoms. The same geometry has also been used in the
high bending angles, kinks, and highly strained regions. Irclassical simulations in order to investigate the reliability of
addition, nanotubes are observed to be extremely resilienthe latter.

suggesting that even largely distorted configurati¢ersal In the classical simulations, carbon atoms were modeled
compression, twistingcan be due to elastic deformations with a classical many-body Tersoff-Brenner potentialhis
with no atomic defects involvet>>*® potential accurately reproduces the lattice constants, binding

The present paper is mainly focused on the mechanism afnergies and the elastic constants of both graphite and dia-
strain release in armchair carbon nanotubes under uniaxiahond. A standard fifth-order Beeman-Verlet algorithm was
tension. Via energetic relaxations and dynamical calculaused to integrate the equations of motion with a basic time
tions, both using first-principles methods and classical manystep of 0.5 fs. The Anderson temperature-scaling algorithm
body potentials, we have been able to identify the first stagewas used for the temperature control. Minimum energy con-
of the mechanical yield of carbon nanotubes. Beyond a critifigurations in zero temperature calculations were obtained
cal value of the tension, the system releases its excess straii@ the conjugate gradient algorithm. Due to the smaller
via a spontaneous formation of topological defects. The firscomputational workload, supercells with up to 480 atoms
defect to form corresponds to a 90 deg rotation of a C-Chave been used in the classical simulations. The convergence
bond about its center, the so-called Stone-Wale®f the total-energy results and of the dynamical behavior
transformatior!,which produces two pentagons and two hep-with respect to supercell size has also been carefully inves-
tagons coupled in pairés-7-7-5. Static calculations under tigated.
fixed dilation show a crossover in the stability of this defect Quantum molecular dynamics simulations have been per-
configuration with respect to the ideal hexagonal networkformed in the canonical ensemble 01555 tube under 10%
The crossover is observed at about 5% tensile straip,  tensile strain. The ideal nanotube has been initially relaxed in
and (10,10 armchair tubes. This implies that t{g-7-7-5  the strained geometry and subsequently heated to 1800 K.
defect is effective in releasing the excess strain energy in Multiple Nose-Hoover thermostats have been used to control
tube under tensile strain. Moreover, through its dynamicathe temperature during the simulatihAll the simulations
evolution, this defect acts as a nucleation center for the forwere carried out on the massively parallel Cray T3D super-
mation of dislocations in the ideal graphite network and itcomputer with a time step of 0.64 fs for an overall time of
may cause a possible plastic behavior in carbon nanofubes- 6 ps. After an initial equilibration at 1800 K~ 1 ps, a

The quantum simulations were carried out in the framedirst precursor of a mechanical instability appears. A single
work of a multigrid-based density-functional total-energy C-C bond rotation generates a double pentagon-heptagon de-
method that uses a real-space grid as the BaEie Perdew- fect(5-7-7-9, as shown in Fig. 1. The whole process of bond
Zunger parametrization of the Ceperley and Alder fffof  rotation, which leads to the breaking and rebonding of a C-C
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FIG. 2. Formation energy of a pentagon-heptagon defect in vari-
ous structures vs uniaxial strain. Solid dots areahanitio results
calculated for thg5,5) tube. The inset shows the variation of the
activation energy with strain for thé,5 and (10,10 tubes. See
text.

equilibrium length and at the 10% tensile strain for the same
(5,5 nanotube. Both the energies and the relaxed atomic
coordinates agree quite well with thab initio results: we
obtain+1.84 eV and-1.42 eV for the energy differences in
the equilibrium and the strained structures, compared to the
ab initio ones of+2.34 and—1.77 eV, respectively. More-
over, we observe a very similar dynamical behavior for the
(5-7-7-5 defect formation in both the approaches. Despite

FIG. 1. Kinetic mechanism of5-7-7-5 defect formation from minor. guantitative diffgrences, the agreement between the
an ab initio quantum mechanical molecular-dynamics simulationj[W0 dlff(?rent methqu IS thu,s very g'OOd, both in th? dynam-
for the (5,5) tube at 1800 K. The atoms that take part in the Stone-/CS @nd in the atomic relaxations. This agreement gives us the
Wales transformation are highlighted in black. The four snapshot@PPOrtunity to explore a much larger range of simulation
show the various stages of the defect formati@y:system in the ~time and to obtain a more general description of the me-
ideal configurationgt=0.00 ps; (b) breaking of the first bondt chanical behavior of carbon nanotubes.
=0.10 p3; (c) breaking of the second borft=0.15); (d) the defect In Fig. 2 we show the results of classical potential calcu-
is formed(t=0.20 ps. lations of the formation energy of a single-7-7-5 defect as

a function of uniaxial strain in three armchair tubés,5),

bond, takes about 0.2 ps. This topological change is stablg0,10, (30,30, and of a single sheet of graphiigrapheng
during the remaining simulation time-( 1 p9. The energet- In the case of the graphene sheet the lattice constant in the
ics of this defect has been investigated via zero temperaturirection perpendicular to the strain was minimized, thus ac-
calculations. Both the equilibrium and the 10% strainedcounting for the Poisson ratio. The defect structure starts to
tubes argmetajstable in the ideal graphite structure and inbe energetically favored after about 5% tensile strain in the
the presence of thés-7-7-5 defect. At zero strain, the en- tubes, and somewhat later in graphene, due to the absence of
ergy of the defect configuration is higher than the ideal onghe additional strain induced by the curvature of the tubular
by 2.34 eV. However, in the 10% strained tube, the energy o$tructure. Theb initio values for the formation energy of the
the structure with the defect is lower than the ideal one bydefect in the(5,5 tube are also shown. Our results at zero
—1.77 eV. This is because this defect is very effective instrain are in agreement with those of a previous theoretical
reducing the tensile strain, since the two heptagons can betudy of defects in large fullerene structutes.
stretched more than the hexagons while keeping a C-C bond The simplest kinetic pathway that produces the double
length that is close to the ideal one. pentagon-heptagon pair is a rotation of a C-C bond by 90 deg

Although very accurategb initio simulations suffer from  about its center. The activation energies for the rotation that
substantial limitations with regard to simulation time andproduces theg5-7-7-5 defect has been calculated for the
thus to the number of cases that can be studied within ou{5,5 and (10,10 tubes using the Tersoff-Brenner potential,
available computer time. To overcome these limitations weand are summarized in Table | and in the inset of Fig. 2. We
examined the description of carbon nanotubes obtained usingptained the barriers by changing the angle of the plane of
classical many-body potentials. In order to investigate thehe rotating C-C bond and relaxing all the remaining internal
reliability of these potentials we first calculated the energycoordinates of the tube at each step. As expected, the poten-
differences between the defect and the ideal structures at thial energy barrier decreases with the strain. At equilibrium
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TABLE |. Energy barriers for bond rotation in thé,5 and a)
(10,10 tubes.

% strain AE (5,5 (eV) AE (10,10

0 5.52 5.63

5 4.16 4.42

10 3.39 3.04

15 2.56 2.57

20 1.88 1.91 b)

length (0% strain the barrier is smaller in the tubes than in
graphene because of the additional tubular strain. Our calcu
lated value for the energy barrier in a flat graphite sheet is
6.16 eV, which compares well with a previous theoretical
estimate~7 eV, obtained using the tight-binding methtid.
The large value of this barrier comes from the need to breakc)
strong C-C bonds in the kinetic pathway from the ideal hex-
agonal rings to th€s-7-7-5 defect. The inset in Fig. 2 shows
graphically the variation of the activation energy with strain;
in accordance with the Polanyi-Bronsted rule the activation
energy decreases with the decreasing formation erérgy.
The slope of this curve in the initial stage is almost a factor
of 2 lower than that of the formation energy. The activation
barrier is sizable up to 25-30 % strain, which is consistent FIG. 3. Time evolution of a particulas-7-7-5 defect from a
with the large breaking strain in high-rate tension classical simulation for §10,10 carbon nanotube at 2000 K under
simulationst® 10% uniaxial strain. The defect structure is highlighted in bldak.

Under the conditions of our high-temperature classicaFormation of the pentagon-heptagon defect whose evolution in time
molecular dynamics simulations the formation of t%e7- will be followed (t=1.5 ng. (b) The defect splits and starts diffus-
7-5) defect in a strained tube is a reversible process. Wéhg (t=1.6 n9, note that £10,10/(10,9/(10,10 heterojunction has
annealed 45,5 carbon nanotube under 10% tensile strain afformed; (c) Another bond rotation has led to the formation of a
2500 K. After a few picoseconds of equilibratior(%7-7-5  (5-7-5-8-3 defect(t=2.3 ns.

defect was formed. The resulting tube was then returned tggreement with the rate observed in our dynamic simula-

its original elongation through a rescaling of the atomic €%%ions. Moreover, the formation energies of these defects are

?égg}?t?zc%girlgé ?r\:gl\(;?i fi?]ra?;g;’(vapgcr?;eﬁgtwsr'ggﬁjiiﬂguite low, indicating that they can readily form at growth
y 9 9 ' emperatures. Indeed, kinks and changes in diameter have

behavior was observed in tubes at equilibrium length '?ﬁeen frequently observed in multiwalled tubes, which are

which various defects have been artificially introduced an rown at temperatures exceeding 3000 K. For a material at
a_nnealed at sufficiently high temperatures. This is a_cl_e_ hermal equilibrium, the number of defects of a particular
signature of the remarkable resilience and extreme erX|b|I|t3{ pe is given byl = Ngy. exp(— E/ksT), where E is the

sites frRBt/)sy

g:itireesk’)eer:];\zgft;gfttt:wrgsiov‘;hI(érl]or?h:t\?é)na c%un(;[;:jeerziéhﬁ]r ttr:]iz rmation energ¥’ of the defect that for tubes and fullerene
0 9 structures in general does not exceed a few'&Even for

paper. o single-walled tubes, which are grown at 1200 C, the
defL 2? aklroc:/\\,/vsliﬂ?ea?gttjgi ae(;ttli\;ﬁl:&noefqﬁreg)r/a?ef tot?JeZeg for_above estimate suggests that there may be a point defect
mation in a tube under different temperature and strain congroy few tenths of a mm, a_nd these defects can act as nugle-
. . . . : ation centers for deformation of the system under tensile
ditions. Using a simple ArrhenE expression, the bond rOtaétrain
tion rate is given byl'<Npongs » exp(—AE/kgT), where A better understanding of the kinetics of deformation of a
AE is the activation energy for the bond rotatibT is the  carbon nanotube under tensile strain conditions can be
absolute temperaturkg is the Boltzmann constar,onasiS  gleaned from long-time classical molecular-dynamics simu-
the number of bonds, and is an effective frequency asso- lations on larger tubes. For this reason, we studied the time
ciated with the vibration of the bond in the direction of the evolution of a relatively long fragmer8 nm, 480 atomsof
saddle point. In our case we estimate the latter using the (10,10 tube at 2000 K under 10% axial strain. After an
frequency of the bond rotation mode in a carbon nanotubénitial annealing to 2000 K, with a rate of temperature in-
(~10" sec 1).2% With this proviso and the calculated val- crease of 50 K per ps, the system was evolved for 2.5 ns.
ues for the activation energies, we find that at room temperawithin the first 1.1 ns a fewbs-7-7-5 defects are formed in
ture the tubes are very stable in their hexagonal equilibriumthe tube and each of them remains localized in the region
configuration, since the exponential factor is extremelywhere they have been formed. After 1.5 ns anotber-7-5
small. On the other hand, at higher temperatures this scenariefect is formedsee Fig. 8)], which shows a peculiar time
is changed. In the same tube as above but at 2000 K, the ragwolution. After 100 ps from its formation, the two pentagon-

of defect formation raises to 10sec l/bond. This is in  heptagon pairs split, and eventually one of them starts dif-
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fusing within the helical structure of the tul€ig. 3(b)], heterostructures formed by joining carbon nanotubes of dif-
while the other remains trapped in the original position by arferent indice$"?*?and of bond-rotation defecfshave al-
additional (5-7-7-5 defect. After another 350 ps, the 5-7 ready been extensively investigated.

defect that migrated from its original position transforms into  From a topological point of view, the splitting of t&-
another topological defect:(&-7-5-8-9, i.e., an octagon and 7-7-9 defect produces a remarkable effdhe separation

a pair of pentagons are added to the original pentagor@nd glide of 5-7 dislocations changes the chirality of the
heptagon paifFig. 3c)]. The introduction of topological nanotube and leads to the formation of heterojunctions.

defects can change the index of nanotubes. The 5-7 defect is !N Summary.ab initio and classical simulations show that
the smallest defect that can change the indioeshe chiral- carbon nanotubes indeed have outstanding mechanical prop-

ity in chiral tubes without drastically altering the local cur- erties with respect to t_ensile dilation. For deformations Iargeri

vature of the nanotut®2* What we observe during the than 5%, the system finds natural release of the excess strain
. S ot s via a reversible formation of topological defects, the simplest

simulation is actually a chirality change within th&0,1 : :

tube, and a strain)-/induced gpontar?eous l‘orrTTation0 of of them being the dquble pentagon-heptagon paur. Thgse de-

(10 1’0/(10 9/(10,10 heterojunction. This is produced by cts act as nucleation centers for the formation of disloca-

the’splittiné of th,e Wo pentagon-héptagon pairs comprisin tions in the originally ideal graphite network, and constitute

the original defect. It is important to note that(a7-7-5 Yhe onset of the possible plastic deformation of a carbon

defect does not introduce any index change, and neither doggnotube.

the addition of an octagon and a pair of pentagons to the We are pleased to acknowledge fruitful discussions with
pre-existing pentagon-heptagon pair, as in the last part of ou€. Brabec, E. Briggs, M. Ramamoorthy, M. Wensell, and C.
simulation. The unique electronic and transport properties oRoland.
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