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Plastic Deformations of Carbon Nanotubes
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Although the elastic properties of a carbon nanotube are nearly independent of wrapping indices, we
show that the onset of plastic deformation depends very strongly on the wrapping indexaz, Bn
nanotube has an elastic limit nearly twice that of @nn) tube with the same radius. Such great
variation has important consequences for structural applications of carbon nanotubes. In addition, the
remnant bond rotations remaining after strain release strongly affect the electronic structure of the
distorted nanotube. [S0031-9007(98)07887-9]

PACS numbers: 61.48.+c, 61.72.Bb, 71.15.Fv, 71.20.Tx

Structural applications proposed [1] for carbon nano- Figure 2 shows the energy versus length for the
tubes [2] rely upon the extreme elastic strength of thepristine and plastically deforme¢B,0) tube. Since a
sp? bonding network [3]. However, elastic responsesingle defect would produce an inconvenient kinked
alone provides a limited picture of mechanical propertiesunit cell, the deformed tubes contain a pair of well-
Beyond a certain stress, the elastic limit, a materiabeparated rotated bonds on opposite sides (with all quoted
deforms plastically via changes in chemical bondingresults normalized to a single defect). The common
topology. A carbon nanotube is defined by its radiustangent of the energy-versus-length curves gives the
and wrapping angle [see Fig. 1(a)]. Since the highcritical force (F.) at which the Gibbs free energies
symmetry of a graphite sheet implies isotropic elasticG = E — FL of the two configurations are equdl, =
properties, the nanotube’s radius dominates its elasti6E£/S8L, where E and §L are the energy difference
response. In contrast, we show that symmetry-breakingnd elongation across the transition [5]. This structural
plastic distortions are very sensitive to wrapping indices. phase transition to a defective phase is eventually arrested

A 7 /2 bond rotation in a graphitic network transforms
four hexagons into two pentagons and two heptagons.
The structure elongates along the axis connecting the
pentagons and shrinks along the perpendicular direction.
Thus, in a nanotube, rotation of a bond from a predomi-
nately circumferential to a predominately axial orientation
lengthens the tube, as shown in Fig. 1(b). If the tube is
under tension, such defects relieve strain and constitute a (@
fundamental mode of plastic deformation. The efficiency
of this strain release depends sensitively on the alignment 9,0) (6,6)
between the defect and the tube axis. For example, essen-

tially no strain is relieved by rotation of a bond initially
oriented 7 /4 from the circumference. One-third of the
bonds in an(n, n) tube are aligned precisely with the cir-
cumference, the optimal orientation from which to rotate
for the release of strain. In contrast, the most favorable
bonds in an(n,0) nanotube are misaligned by/6 from
the circumference.
®

We use tight binding molecular dynamics [4] calcu-
lations to investigate the plastic deformation of carbon
nanotubes unde_r stram._Thls t_e<_:hmqqe accounts for quagyg 1. (a) Wrapping index and wrapping angle notation.
tum effects while allowing efficient simulation of large A tube is specified by a vector in the plane which maps
systems. To separate the effects of tube radius from thoske graphite sheet into itself and thereby defines the tube
of wrapping indices, we study two families of tubes, a Se.circumference._ We de_s_cribe_ this vector (and the resulting
ries of (1, 0) tubes of different radius and a serieqofm)  nanotube) by its graphitic lattice components, e.g., thel)
tubes of nearlv equal radius. We first consider transition nanotube. y is the angle between the circumference vector and
Yy €q ' $he (1, 1) direction, within the rang® = y = /6. (b) Bond

at constant tension, later addressing the transitions at cofutation defects oriented as shown can lengthen a nanotube,
stant length. with the greatest lengthening for tlie, n) tube (on the right).
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transition tension on cody for the family of nearly
equal-radius tube$(12,0), (10,2), (9,3), (8,4), (6,6)}.

The plastic limit varies from about 100 fNm for the
(6,6) tube to about 180 nkhm for the(12,0) nanotube.
The radial dependence of the reduced transition tension is
significant only for the smallest tubes.

The radial and angular dependences of the critical
tension can be understood by treating the defect as an
extended strain in an elastic continuum with parameters
10 i} extracted from the atomistic calculations. For the tension

\\L --------- F. at the edge of the transition the defect density is
0 vanishingly small, and the enerdg E) and length(6L)
changes upon introduction of one defect are close to their
values at zero tension. Therefore the reduced transition
FIG. 2. Energy versus length for pure (solid line) and defec-tension is well approximated by

tive (dashed line)8, 0) nanotubes. The cell contains 96 atoms
per bond rotation defect withE = 0 for the pure undis- Fe_ 1 22 (1)
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Since the length chang&L depends only upomR and
by a repulsive defect-defect interaction at high defecthe integrated strain of the defect (with units of length
density. In our study the defect density is low enoughsquared),5L scales askR~! with angular dependence
that this interaction does not significantly disturb the onsein the form a + b cos2y. Fitting to the atomistic
of plastic deformation (doubling the defect separationdata gives
changes the transition tension by less than 1%). Since 34 A2
one expectd'. to be roughly proportional to the radius SL = =
R of a tube, we define theeducedtransition tension 2mR
fe = F./R which should vary weakly among nanotubeswhich differs by only 15% from a very simple geometrical
of an identical wrapping angle. analysis assuming regular polygons. TH& dependence

The wrapping angley, illustrated in Fig. 1(a), gives of the elongation cancels the normalization prefactor of
the angle between the circumference and the best bonds. (1) and therefore implies that the radial dependence
to rotate. y ranges from zero for afn,n) tube to7r/6  of the critical tensiory. arises through only the defect en-
for an(n,0) tube. The G, symmetry of a bond rotation ergy §E. The nanotube at zero tension can freely relax
defect implies that physical quantities are even functionshe defect strain both axially and circumferentially, so this
of y with period 7. Hence, to lowest order in angular defect energy in tubes of moderate radius is a weak func-
dependence, they are well approximated b{R) +  tion of the wrapping angle4[0 = 0.1 eV for the family
b(R) cos2y, with radius-dependent coefficientéR) and  {(12,0), (10,2), (9,3), (8,4), (6,6)}]. Therefore the an-
b(R). Figure 3 reveals a nearly linear dependence ofular dependence of the plastic limit arises mainly from
the angular dependence of the defect-induced elongation,
and the radial dependence of the plastic limit arises mainly
from the radial dependence of the defect energy.

1476 The detailed radial dependence of the defect energy is
a complex combination of bare defect energy, the elas-
160 tic energy induced in the surrounding medium, and the
curvature-induced rehybridization of the defect. The bare
energy is of the order of 5 eV. The elastic term is small,
128 of the order of u(27R)2([ € d*x) = 0.03 eV nn?/R?,
where . =~ 0.08 eV/nn? is an elastic modulus, aneis
the strain. The rehybridization energy dominates the ra-
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04 05 06 07 08 09 cally have lower defect formation energies since (i) the
Cos(21) additional distortions due to bond rotation are more easily

N ) o ) accommodated into the curved surface of a narrower tube,
FIG. 3. Transition tensions (divided by tube radius) for the 54 (i) the defective region has a slightly lower mean

onset of plastic deformation in families @fi;,0) and nearly ¢ dulus th di isti .
equal-radiugn, m) tubes. The radial dependence is quite weakCUrvature modulus than a corresponading pristine region.

except for the smallest tubes, whereas the Wrapping ang]@his reduction in defect formation energy with decreaSing
dependence is very strong. radius explains the lower plastic threshold in the smallest
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(n,0) tubes. Note that the radial dependence of the plastibwest barrier for bond rotation in ,6) tube occurs
threshold asymptotes at a relatively small radius, whereashen the bond is tilted roughly T5ut of plane, which
the pronouncegy dependence remains at all sizes. yields an upper bound of approximately 4.0 eV for
Beyond the threshold for plastic deformation, the defecthe barrier at the transition, decreasing with increasing
density is more easily controlled by fixing the length strain. This compares with the 5.4 eV barrier for the
rather than the tension. At a constant length, the linearelated Stone-Wales transformation [8] igy@9] and the
defect density is proportional to the fractional extension 10.4 eV barrier for bond rotation in flat graphite [10].
beyond the critical lengthf = (L — L.)/LSL = (e — External tension lowers the barrier; the same rotational
e.)/(1 + €.)8L, where e = (L — Lg)/Lo is the axial barrier in the nanotube at zero tension is 8.5 eV. The
strain with e, its critical value. Just as the critical force barrier could be further lowered through hyperextension
is very sensitive to the wrapping angle, so the criticalbeyond the thermodynamic transition tension or through
strain varies from about 6% extension fofea6) tube to  thermal fluctuations in the local neighborhood (as distinct
12% extension for 412,0) tube [6]. Above this critical from thermal excitation of the reaction coordinate itself).
extension the defect density increases rapidly with lengthThe barrier at zero tension for rotation back to the
varying as24(e — 0.06) nm~! for the (6,6) tube and pure hexagonal state is substantial, 5.5 eV, so that the
as 43(e — 0.12) nm~! for the (12,0) tube. The defect defects should remain metastable at room temperature
concentration increases most rapidly in the0) tubes after the release of the external tension. Bond rotation
since in these tubes each individual defect is least efficierdefects comprise a pair of pentagon-heptagon defects
in relieving strain. SinceéS L varies asl/R, larger tubes (5-7 and 7-5) which can be separated by means of
will contain more defects than smaller tubes of the samadditional bond rotations. These pairs represent crystal
wrapping angle at a fixed relative strain, although thedislocations; the long range strain fields favor the gliding
areal density of defects remains constant (except for theof these pairs in opposite directions under an external
smallest tubes, where the defect formation energy is atress [11]. However, the local curvature energy of the
strong function of the radius). double pentagon-heptagon structure is minimized when
Under an external force above the plastic thresholdthe oppositely directed curvature dipoles are adjacent.
proliferation of bond rotation defects is eventually haltedin a flat unstrained graphitic sheet, tight binding total
by a repulsive defect-defect interaction. The elasticenergy calculations reveal a strong short range attraction
interaction of two defects a distance apart varies between a 5-7 and 7-5 defect. Separating them by one
roughly asu/D? times the product of their integrated intervening hexagon costs 4.5 eV, while separation by
strains. The strength of this interaction is on the order oftwo hexagons costs an additional 3.5 eV, although in
0.08 nm?/D? eV. This simple estimate is consistent with certain situations this barrier may be lower [12]. This tall
tight binding total energy calculations on th& 0) tube, and wide energetic barrier will help suppress fission of the
which yield a 0.13 eV increase in the repulsive defect-bond rotation defect.
defect interaction for a reduction i from 7 to 13 A. We propose an experimental geometry in which these
A uniform density of defects then has an interactiondefects could be created and measured in a controlled
per defect quadratic in the linear density(neglecting fashion. A nanotube could be securely fixed at each end
alteration of the tube’s spring constant by the defects), s¢e.g., embedded within blobs of solid material) and then

thatA « /(F — F.) at a constant force. pulled taut and pressed transversely in the middle of the
These defect densities as a function of strain ardree section:
interesting not only for the mechanical response: The v

bond rotation defect is also a plausible route towards )

modulating the electronic properties of carbon nanotubeslhis geometry would create a very large mechanical ad-
An extension of only 1% beyond the critical length vantage of ordeb H /L, whereL is the suspended length
induces enough bond rotation defects to significantlyand 6 H is the transverse deflection. The change in tube
alter the electronic structure, increasing or decreasinggength upon bond rotation would yield a similarly am-
band gaps and modulating the density of states [7]plified transverse deflection. If tube extension decreased
The repulsive defect-defect interaction may tend to favothe external force, then the defects would appear one at a
periodic defect arrangements and thereby minimize théime, giving a characteristic signature of successive quan-
random component of the defect-induced potential felt bytized defections of the external probe.
the electronic states. Although the nanotube wrapping angle has strong
The discussion thus far has been in a purely equilibriuneffects on the electronic properties [13], the nanotube
context, ignoring the kinetics of defect formation. We elastic properties are insensitive to these structural details.
have calculated the barrier to defect formation at criticaHowever, the wrapping angle reasserts its importance
external tension by calculating energy as a function oinder symmetry-breakinglastic distortions. This strong
bond orientation, considering both in-plane and out-ofsensitivity to the wrapping angle will affect high-load
plane rotations. Of the kinetic pathways examined, thestructural applications of carbon nanotubes. In addition,
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