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Ultimate strength of carbon nanotubes: A theoretical study
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The ultimate strength of carbon nanotubes is investigated by large-scale quantum calculations. While the
formation energy of strain-induced topological defects determines the thermodynamic limits of the elastic
response and of mechanical resistance to applied tension, it is found that the activation barriers for the
formation of such defects are much larger than estimated previously. The theoretical results indicate a substan-
tially greater resilience and strength, and show that the ultimate strength limit of carbon nanotubes has yet to
be reached experimentally. Nanotubes are indeed the strongest material known.
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INTRODUCTION mations can be explained by dislocation thedryRecently,
some of these predictions have been confirmed by two inde-
The mechanical response of carbon nanotubes to sevependent experiments: a number of carbon nanotubes do not
deformations and strains has attracted much attention singhibit mechanical failure and breakage up to about 5%
their discovery in 19912 Carbon nanotubes have already strain***° These resuits, although important in addressing
demonstrated exceptional mechanical properti@sheir ex- the problem of strength of carbon nanotubes, do not clearly
cellent flexibility during bending has been observed experiﬁetermine the ultimate limit of their mechanical response,
mentally and studied theoretically. Nanotubes combine higilue to the quality of the samples and experimental limita-
stiffness with resilience and the ability to buckle and collapsdlons.
in a reversible manner: even largely distorted configurations n order to determine the ultimate limits of the elastic
(axially compressed or twistgatan be due to elastic defor- response of strained carbon nanotubes, one needs to address
mations with virtually no atomic defects involved. For thesenot only the problem of the stability of topological defects
reasons, it has been suggested that carbon nanotubes colRfer strain, but equally importantly, as it turns out, the en-
be promising candidates for a new generation of extremeyrgetics of the activation process. We have therefore carried
||ght and Superstrong fibers. However, experiments probin@ut extensive Iarge'scale quantum calculations of the mecha-
the strength of nanotubes are very challenging, due to thBism of formation of strain-induced topological defects in
difficulties in growing high-quality, defect-free nanotubes of carbon nanotubes. Our results indicate that although the to-
sufficient length and in measuring the strength of nanoscalBological defects become energetically stable at strains of the
objects. Theoretically, investigating the ultimate strength oforder of 5%—6%, the activation barriers for their formation
carbon nanotubes requires modeling of inherently mesosare extremely high, thus hindering the creation of such de-
copic phenomena, such as plasticity and fracture, on a mfects even at relatively large strains. This implies that ideal,
croscopic, atomistic level, which presents its own set of chalstructurally perfect single-walled carbon nanotubes should
|enges_ However, the initial stages of Strain_inducedbe kinetica”y stable and resist strains well beyond the 5%
transformations can be deduced from simulations and thesgbserved experimentally and that they can indeed be consid-
results can be further refined by detailed investigations of th&red the strongest materials known.
potential energy landscape.
It i_s now well establish_ed from simulations that beyo_nd a METHODOLOGY
certain value of the applied strain, around 5%-6%, single-
walled carbon nanotubes respond to the mechanical stimuli The quantum simulations were carried out with a
via the spontaneous formation of topological defédBven  multigrid-based total-energy method that uses a real-space
the well-known 1 TPa Young modulus of graphite and agrid as the basi¥ The Perdew-Zunger parametrizattoof
similar modulus of nanotubBsvhen rescaled to the density the Ceperley-Aldéf exchange-correlation energy was used.
of graphite, the range of elastic response indicates enormodde Kleinman-Bylander approathwas chosen to include
strength, unmatched by any other known material. It has alsoonlocal, norm-conserving pseudopotentfdi$? The con-
been shown that the mechanical response depends criticaMgrgence in bottk-space sampling and grid size was care-
on tube geometry: zigzag tubes display a higher strain residully evaluated, and the supercell containing the nanotube
tance than armchair tubes with same diamet8Different  included a large vacuum region-( A), in order to ensure
orientations of the carbon bonds with respect to the straitthat the interactions between tube images can be neglected.
axis in tubes of different symmetry lead to completely dif- In order to extend this study to a larger class of systems
ferent scenarios: ductile or brittle behaviors can be observednd to overcome the computational limitationsadf initio
in nanotubes of different indices under the same externatalculations, we have carried out extensive comparisons be-
conditions. Furthermore, the behavior of nanotubes undemween the accurate but expensafe initio approach and the
large tensile strain strongly depends on their symmetry antess computationally demanding semiempirical tight-binding
diametef® and the initial stages of strain-induced transfor-and classical molecular dynamics methods. The tight-binding

0163-1829/2002/68.4)/144105%6)/$20.00 65 144105-1 ©2002 The American Physical Society



ZHAO, NARDELLI, AND BERNHOLC PHYSICAL REVIEW B 65 144105

and classical potential methods use adjustable parameter Armchair tube (5,5)
which are usually determined by fitting experimental afd

initio data for diamond, graphite, and carbon chains in their
equilibrium configurations. The reliability of these param- —g—
eters for describing the properties of strained carbon nano
tube structures needs thus to be verified by &bl initio
calculations. In the tight-binding simulations we used an or- g—
thogonalsp® model of Xu et al?® This model is able to
describe the dynamical and elastic properties of nanotube
with good accuracy and reliability. The classical molecular
dynamics calculations used the Tersoff-Brenner many-body
potential to model interactions between carbon at&h3s.
Although this potential is not as accurate as the quantum-
mechanical methods, it is very useful for qualitative and
semiquantitative estimates, and for explorations of the long-
time evolution or of large portions of the potential energy ~*—
landscape.

RESULTS “

From the geometrical point of view, carbon nanotubes are
hollow cylinders consisting of “rolled-up” graphite sheets
(grapheng Therefore, imposing an axial tension on a nano-
tube is geometrically similar to imposing a lateral strainona 5 1 Bond rotation in strained carbon nanotub@: side
graphene sheet. Since the hexagons comprising the nanotufig,, of 4 (5,5 armchair tube under axial strain: rotating the bond
walls have different orientations with respect to the tube axis og by 90° forms a(5-7-7-5 defect(dashed lines (b) Side view
(the so-called wrapping anglean axial tension translates of 4 (9,0) zigzag tube where the bondEF” is responsible of the
into lateral strains at varying angles in the graphene sheet. ligrmation of the(5-7-7-5 defect(dashed lines See text.
particular, an axial strain in an armchair tube corresponds to
a planar tension which is applied perpendicular to the bonavill not be created even if its formation is thermodynami-
marked “AB” in Fig. 1(a), while in a zigzag tube the planar cally preferred, and the elastic response will extend into the
tension is parallel to the bond indicated a€D” in Fig. metastable regiméThe activation barriers for the Stone-
1(b). We call the tension in armchair tubes “transverse,”Wales transformation have been computed by constrained
while the one in zigzag tubes will be called “longitudinal.” relaxation along the simplest kinetic pathway that leads to
The transverse tension finds natural release in a 90° rotaticine formation of the defect. The C-C bond was rotated step-
of the AB bond in Fig. 1a). This rotation changes four wise about its center, with only the angle of the rotation fixed
neighboring hexagons into two pentagons and two heptaat each step. The C atoms of the rotating bond were free to
gons, forming a pentagon-heptagon-heptagon-pentég@n  move within the plane perpendicular to the graphene sheet,
7-5) defect[indicated by dashed lines in Fig(dl], and is  and all the remaining internal degrees of freedom were fully
known as the Stone-Wales transformattériThe Stone- relaxed at each step. This procedure ensured an accurate ex-
Wales transformation effectively elongates the tube in theploration of five of the six degrees of freedom of the two
strain direction, releasing the excess strain enétgyn a  rotating atoms. In order to estimate the effect of the sixth
zigzag tube, which experiences longitudinal strain, Bfe  degree of freedom, we also allowed the confining plane to be
bond in Fig. 1b) forms a 60° angle with the tube axis, and a shifted off center in selected test calculations, which were
similar (5-7-7-5 defect[indicated by a dashed line in Fig. carried out using the tight-binding methadee below.

1(b)] cannot effectively release the excess strain. This imAsymmetric saddle points were indeed observed in small-
plies that a greater resistance to axial strain should be exdiameter nanotubes, where activation energies were reduced
pected in zigzag nanotubes, since the onset of nonelastic bby a small amouni{less than 0.5 eV by off-center bond

havior requires the formation of defect structures. rotations. However, this variation is small on the energy
We have carried out extensiab initio calculations, in- scale of the transformation and does not affect the general
vestigating the formation and activation energies of(@-  interpretation of our results.

7-5) defect in a(5,5) carbon nanotube and a graphene sheet Finally, in all the above calculations we assume constant-
subject to static strains of up to 15%While the formation  length conditions. To ascertain the validity of this assumption
energy(the difference in total energies between a defectivave have evaluated, from tight-binding simulations, the for-
and an ideal carbon nanotyhis the quantity that determines mation energy of the 5775 defect under a constant force ap-
the stability of a topological defect, the activation enefiine ~ plied to the tube ends. For both the armch@&ij5) and the
energy barrier that a system has to overcome to form a dezigzag (9,00 tubes, the results are very similar to their
fect) is the quantity that determines the ultimate limit of the constant-length counterparts. Under a constant force, the
elastic response. If this barrier is sufficiently high, the defectube will undergo a sudden elongation upon the formation of
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controlled at room temperature. However, the barriers to de-
fect formation decrease significantly with strain. For ex-
ample, the activation energy for the Stone-Wales transforma-
tion in a (5,5 tube becomes 1.95 eV at 15% strain. In
general, although the formation energies of the’-7-5 de-
fect in the(5,5 tube are lower than those in graphene with
transverse strain, the activation energies in both systems are
very close.

The high activation energies suggest that the perfect hex-
agonal network is kinetically stable even for strain values
substantially larger than 5%. The use of a simple Arrhenius

expression” «Ny,.q¢ eXp(—AE/KgT) (Ref. 7) confirms that
the tubes are extremely stable at room temperature in their
hexagonal equilibrium configuration due to the large value of
the activation energyAE.*®> The same conclusion can be
drawn on the basis of the only two published experiments
that have measured the strength of carbon nanottftfésn
5 10 both cases, some carbon nanotube samples have supported
Strain (%) maximum strain values above 5%. These values, although in
remarkable agreement with the prediction of the thermody-
FIG. 2. () Formation energy of th€5-7-7-5 defect in a(5,5  namic stability of the(5-7-7-5 defect! do not represent the
nanotube(circles and a graphene sheétquare as function of  yltimate strain limit for the system. The presence of frozen-in
uniaxial strain.(b) Activation energy for the formation of th&-7- defects that were formed during growth can certainly limit
7-5) defect. the maximum sustainable strain, since they act as nucleation
centers for further topological modificatioh$. Moreover,
the defect, since the defective tube has a longer equilibriurthe appearance of &-7-7-5 defect can be interpreted as a
length at a given applied force. This elongatior~i®.1 A nucleation of a degenerate dislocation loop in the planar hex-
for the (5,5 tube and is even smaller for t{8,0) one. The  agonal network of the graphite shé&f The configuration of
presence of this discontinuity under the constant-force conthis primary dipole is &5-7) core attached to an inverted
ditions will cause the onset of the Stone-Wales transforma¢7-5) core. The(5-7) defect behaves thus as a single-edge
tion to occur earlier than under constant-length conditionsdislocation in the graphitic plane. Once nucleated, (6&-
From our calculations, one can estimate that the defect wilf-5) dislocation loop can ease further relaxation by separat-
be energetically favored at an elongation 0.9% smaller thaing the two dislocation cores, which glide through successive
at constant-length conditions. Since this change is small ostone-Wales bond rotations. This corresponds to a plastic
the scale of the transformation, we have restricted the discuglow of dislocations and gives rise to ductile behavior in the
sion to the constant-length conditions. nanotube. Moreover, the 5-7 defect is the smallest defect that
The formation energies obtained froab initio calcula- can change the tube index without drastically altering the
tions are shown in Fig. (@) for both the(5,5) tube (solid  local curvature of the nanotuB&-3! In fact, the dissociation
line) and the graphene she@tashed ling The formation of the(5-7-7-5 defects results in seamlessly connected nano-
energy of thg5-7-7-5 defect decreases almost linearly with tube sections of different symmetry. The relevance of this
strain, and the defect becomes energetically favored girocess for the production of all-nanotube microelectronic
strains above 6%. The same trend is observed for thdevices has been recently demonstrated experimetitatiyl
graphene sheet, although the defect energies are about 1 &&s also discussed theoretically in conjunction with adatom
higher than in thé5,5) tube. The lower energy of the defects adsorptiort>
in the nanotube can be attributed to its curvature, which al- We have extended the present investigation to a larger
lows for a better relaxation of bond angles. The absence ofariety of nanotubular systems using tight-binding and clas-
curvature in the flat graphene sheet makes the formation dfical potential methods. These more phenomenological tech-
the (5-7-7-5 defects less favorable, since the bond anglesiques are needed to overcome the substantial limitations of
between the atoms comprising the defect are forced to devab initio calculations with regard to system size and the
ate from the ideabp? geometry. However, once th&-7- number of cases that can be studied.
7-5) defects are formed, their stabilities in tf&5) tube and We first turn to comparisons betweeb initio, tight-
the graphene sheet are comparable. In Fig) &e display binding, and classical molecular dynamics results, in order to
the activation energies for defect formation in both the nanodetermine the reliability of the simpler techniques. Figure 3
tube and sheet. These energies are very high: at 0% strag@mpares the results @b initio and tight-binding calcula-
they are 8.6 eV in th¢5,5) tube and 9.9 eV in the graphene tions for both the(5,5 tube and the graphene sheet. As is
sheet. The latter value is in good agreement with the “con-evident from the figure, the tight-binding results are in very
certed exchange” diffusion process in graphite, where gyood agreement with thab initio ones; e.g., the formation
value of 10.4 eV was obtainéd.Since the activation ener- energies of thg5-7-7-5 defect in graphene obtained from
gies are so high, the strain relaxation process is kineticallyight-binding calculations are only 040.1 eV higher than

Energy (eV)

Energy (eV)
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for a (5,5 nanotube and a graphene shéaY, (c) Formation ener- ) o

gies; (b), (d) activation energies. Thab initio results are connected FIG. 5. Curvature effects_on the_ formation ar_1d activation ener-

by a solid line, while a dashed line connects the tight-bindingdies Of the(5-7-7-5 defect in strained armchair nanotubes and

results. graphene under transverse strain. Circles corresponda@)aube,
squares to 410,10 tube, and diamonds to a graphene sheet. See

text.
those fromab initio calculations. However, the differences

between tight-binding andb initio results increase with
strain. For example, the formation energies of the Stone
Wales defect in thé€5,5) tube differ by 0.1 eV at 0% strain

because graphite data were used in fitting the original tight-
binding parameters, while carbon nanotube data were not. In

. . ; eneral, however, the tight-binding method is a good alter-
and by 0.7 eV at 15% strain. This increase can be attributeq_.. : .
. S . ative to the computationally costhb initio method. Turn-
to the fact that the tight-binding parameters were fitted to P Y Bb

data f trained carb ¢ Theref thei ing to the classical potential results, while they are able to
ata for unstrain€d carbon Systems. Therefore, their accuragyq 5 qualitative and semiquantitative description of the me-
and reliability decrease with increasing strain. Moreover, th

t bet the tiaht-binding saddlinit Its | hanical behavior of nanotubes, they tend to underestimate
agreement between the tight-binding INMO TESUILS IS 4he yltimate limit of the elastic response. This is shown in
much better for graphene than for tl{g,5 tube. This is

7
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FIG. 4. Comparison betweeab initio and classical potential
results for a5,5 nanotube and a graphene shéal. (c) Formation FIG. 6. Curvature effects on the formation and activation ener-
energiesyb), (d) activation energies. Thab initio results are con- gies of the (5-7-7-5 defect in strained zigzag nanotubes and
nected by a solid line, while a dashed line connects the classicajraphene under longitudinal strain. Circles correspond 8,8
potential results. tube, squares to @7,0 tube, and diamonds to a graphene sheet.
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Fig. 4, where a comparison withb initio results is dis- SUMMARY

played. Although the classical potentials accurately repro-

duce the lattice constants, the binding energies, and the elas- In summary, we have investigated the mechanism of

tic constants of both graphite and diamond, our comparisostrain-induced defect formation in carbon nanotubes through

shows that the lack of a quantum-mechanical descriptioxtensive quantum-mechanical and molecular mechanics cal-

|ead_S to Significant underestimates in both activation and fOfbu'ationS, focusing on the ultimate Strength of these Systems_

mation energies. o Our results show that the excess elastic energy in a strained
We have investigated the curvature and helicity effects opanotube is released via a spontaneous formation of topo-

the defect formation mechanism using the tight-binding|,gica| defects whose characteristics depend upon the geom-

method. Figures 5 and 6 show the formation and activationy anq the diameter of the nanotube. The activation ener-

grmlfeergﬁtsg;ﬁégr?s-aa%?i(grr Z:;n(?thtiir ?gdhzéﬂza?nti?renscﬁ; ies for the defect formation are found to be significantly
! : ’ pare It to grap ' Eigher than previously estimated, which increases the theo-

tubes, the defect becomes stable at strain values of 7%—8%.". L .
[The ab initio result for the(5,5) tubes is 6%, Furthermore retical predictions of the elastic response and of the onset of

although the (5-7-7-5 defect formation is the dominant mechanical failure in carbon nanotubes to unprecedented

mechanism for strain release in armchair nanotubes, this i}éalues, well beyopd thosg of other known materials. Accord-
not true for zigzag tube¥° From Fig. 6, this defect is ther- N9 to the theoretical estimates, carbon nanotubes are by far

modynamically unfavorable up to a very high strain valueth® strongest material known.

(over 10%. Therefore, zigzag nanotubes are expected to be

even more resilient than armchair ones and tolerate very high

values of axial tension. They thus extend the limit of ultimate ACKNOWLEDGMENTS
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