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Abstract:
Nanomechanics of single-wall C, BN and BC$_3$ and B doped C nanotubes

under axial compression and tension are investigated through a generalized tight-binding
molecular dynamics (GTBMD) and {\it ab-initio} electronic structure methods.

The dynamic strength of BN, BC$_3$ and B doped C nanotubes for small

axial strain are comparable to each other. The main difference is in the critical strain

at which structural collapse occurs. For example, even a shallow doping with B

lowers the value of critical strain for C nanotubes. The critical strain for BN

nanotube is found to be more than that for the similar C nanotube. Once the structural collapse starts
to occur we find that carbon nanotubes irreversibly go into plastic deformation regime
via the formation of tetrahedral (four-fold coordinated) bonds at the location of sharp
pinches or kinks. This finding is considerably different from the classical MD simulation
results known so far. The energetics and electronic densities of states of the collapsed
structures, investigated with {\it ab-initio} methods, will also be discussed.
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O Experiment : Buckling and Collupse of Embedded
Carbon Nanotubes
©. Louric et. al. Phys. Rev. Lett. Vol. 81, 1638 (1998).
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Under Compressional strain two modes are observed:

~ (1) ~ long multi~wall nunotubes hehave ax elustic rods that ‘
buckle, bend and oop

~(b} ~ thin walled nunotubes locally collopse ot fracture rather
than buckie

N
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Carbon and other nanotubes could be useful as:

~ reinforcing phase in novel composite materials

- hanicol and 1 hanical
system components.
O N hanics of Nanotubes:

- Youngs modulus ~ 1 — 5§ TPa range (expt, theory)

~ Yacobsou ef. ul. Phys. Rev. Lett. (1996) ~ Shell model and
classical MD simulation description of nasomechasics.

O Route to Plasticity and Fracture of Axially
Stressed Nanotubes
~ linear response followed by non—linear response

~ kinks, pinches and mor phological buckled
configurations but the tube remains completely clastic

- route to plasticity is via Stone—Wales bond rotation
15,7 pair) defect formation.
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Compression of Nanotubes with a Quantum {
Molecular Dynamics Method P

Methodology:
Uu = U ” + ”rep +* lI0
U ™ Sum [ one electron energies]
U = Sum [ repulsive pair potential |
rep occupied

~ Non-othogonal atomic basis GT8MD method

Secular Eq.  det{hj;- Es;;} =0
The forces on alomic coordinates are given by

Fxy = -di/dx

Motecular Dy < yystem is dy ically evolved

at each time slcp

Previous Parametrization :  Silicon and carbon
M. Mcnon and K. R Subtaswamy, Phys. Rev. B (1903-94;

Extended tn heternatomic systems inclnding: Si, C, BN
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] Compression of Carbon Nanotubes [ }

é Enfrg;ﬂcs of collapse-plasticity of (8,0) CNT
at 12% com pression sirain.
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) Linear response regime( Y=13TPa) Iollowed by
pinching/buciding ¢ ical MID) or collapse/p ity
(quantum MD).

APS March Munng.wt.‘)/

95 -
L
04‘~
§ 0.3 -
s
Y a [N
<02 | A
Y } an
i

at 12%stroin 3. 4 &3

\ APS Mawh Mecuns 9017y )

T T

Ka l Compression of Carbon Nanotubes H—I

il tasticity of (8.0) CNT through

o s

gmphme (sp2) to diamond like (sp3) type tramsition.

(a)

SRR

side view (B) top view
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Compression of Carbon Nanotubes [V ,
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DFT-LDA analysis of (8,0) CNT collapse

Simuistion Parametors
84 C atoms in Supercell: 13- 13xi. [L]
=8.1-8
K -points. wo special pcpinlLsl

LRGN
Pr;:o Wurvoa up to 38 G basis functions
Upio 270 Mbwvie CPU on T90 @ SDSC

Stmulation Results
Energy per C atom:
e=0, E{C alom) = -154.72 oV

€>012, Before Collapss
Esg'mon}) =-153.81 oV

Collapse
E(C atom) = -153,76 oV

K = 80.80 @V in E(C atom) = Ke*/2
Equivalent Young's modulus: ¥ = % & T§'3

Energy increase of collapsed section: 3.0 eV
Strain energy decreass: 58.2 (2n-1)/n [aV],
where n is { %w number of centa CNT units
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: (Comprnsion of Carbon Nanotubes \’j
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l CxByNz Nanotubes }

¢) Hand gap engineering over a larger range should bhe

possible:
BN ~35eV
BCZ N ~20eV
C ~0-leV
BC ~0.5eV

3
~ w variely of junctions, quantum lofs and
<uperlattices should be possihie

~ should he more robust

[o) Example: Compmi(e(lll,o) nanotube

0.34 eY/atom 0.3% eV/atom 0.37eV/atom

BN

econsiruciion due 1o
wlae RN bonl
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& [Eomprmlon of Carbon Nanotubes Vll ]
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CNT with B point defect.

[Cx By Nz Nanolubes: Nanomechanics

1 Nano—- hanics of C ite Nanotubes (8,0)
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Comments:

© Compression of ‘thin’ Carboa nanotubes:

~ & novel route to plasticity of carbom nanotebes
via coliapse of nanotube is cheerved which is

in agreement with recent experimental findings.

~ the plasticity occurs via graphitic (sp2) to dlamond
like (sp3) transition at the location of the collapee.

~ this Emits the elastic behavior of compressed nanotubes

to within 12% strain (120 GPs critieal strems) befoce
the tube colle pees

~ thess results have implications in enginsering of
be based posite materials us well ay

dectr: h
naro-electy

Y

© Compression of heteroatomic aanotubes:

~ B point defect tends to localize the position of the
collapse at the position of the defect.

~ equivalent BN nanotube bas similar strength and
higher elastic limit than carboa nanotubes.
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Export Control Public Domain Declaration (PDD)

This form should accompany the NASA Form 1676 whenever a determination is made that the scientific and technical infor-
mation is in the public domain.

The Export Administration Regulations (EAR, 15 CFR 730-117) and the international Traffic in Arms Regulations (ITAR, 22
CFR 120-130) generally provide that information which is in the public domain (publicly available) is not subject to export
controls, described in the regulations. As a result, if you can certify, using the criteria at the end of this form, that the
information being reviewed for potential release is in the public domain, there are no further export controls on the informa-
tion. In addition, for the purpose of this declaration, the information must not relate to the commodities described
in the next paragraph.

The types of information which are controlled, fall under two categories-information which relates to commodities which
have both military and commercial application, i.e. “dual use” commodities (regulated by the Department of Commerce
under the EAR) and information which relates to “defense articles” (regulated by the Department of State under the ITAR).
This declaration may not be used for information associated with the following NASA-specific “dual use” commodities: opti-
cal sensors and lasers (Category 6 of 15 CFR Part 772), commercial communications satellites and associated software
and technology as well as information associated with the International Space Station (ECCN 9A004 of 15 CFR Part 772),
and ablative materials and conductive polymers (Category 1C of 15 CFR Part 772). In addition, this declaration may not be
used for information associated with the following NASA-specific “defense articles”: spacecraft and specially designated
components, remote sensing satellites and specially designated components, ground control stations, Global Positioning
System (GPS) equipment, antennas, radiation hardened circuits, propulsion systems, attitude control and determination
systems, orbit transfer engines, launch vehicles (including sounding rockets), propeliants, navigation and flight control sys-
tems, avionics equipment, launch support equipment, and associated computers and software (Category XV of 22 CFR
Part 121.1) and ablative materials derived from or modified for defense articles. (Category IV of 22 CFR Part 121.1).

If you determine the information does not pertain to the above mentioned commodities, your next step is to determine if the
information is considered to be in the public domain under the applicable regulations. In order to be considered in the public
domain, the information must meet one of the following categories. If the information meets one of the categories, please
note the applicable category number after the signature block at the end of this form. [Once a basis for a public domain
characterization is found, you need not proceed any further down the checklist. For example: If the subject matter of the
paper is in the public domain because it is available from a library (Category item 4) you need not proceed to Category item
5 on the checklist.]

Declaration

The scientific and technical information is in the public domain for the following reason:

Cite: 15 CFR 734.8 and 22 CFR 120.11(8)
Deepak Srivastava Nanomechanics of Carbon and CxByNz Nanotubes: via a QMD Method
~ Originator’s Name Title of Paper
. e
B N March 18, 1999 8.1
Originators Signature Date Category No.

Please contact the Center Export Administrator if you need assistance in completing this form or if the information is not in
the public domain as described above. The Center Export Administrator can be reached at avillagracia@mail.arc.nasa.gov
or x40871. Failure to comply with export regulations and the Agency’s procedure for dissemination of its technical data are
serious matters that may subject the author to significant penalties and the agency to the restriction or loss of its export
privileges.
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