ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/1935017

Structural stability and energetics of single-walled carbon nanotubes under
uniaxial strain

Article in Physical Review B - March 2003

DOI: 10.1103/PhysRevB.67.035416 - Source: arXiv

CITATIONS READS
86 a7
2 authors:
Gulay Dereli Cem Ozdogan
Koc University Izmir Katip Celebi Universitesi
21 PUBLICATIONS 403 CITATIONS 35 PUBLICATIONS 885 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Computational Study on Energetic and structures of nano-clusters especially based on boron. View project

All content following this page was uploaded by Cem Ozdogan on 02 July 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/1935017_Structural_stability_and_energetics_of_single-walled_carbon_nanotubes_under_uniaxial_strain?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/1935017_Structural_stability_and_energetics_of_single-walled_carbon_nanotubes_under_uniaxial_strain?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Computational-Study-on-Energetic-and-structures-of-nano-clusters-especially-based-on-boron?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gulay-Dereli?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gulay-Dereli?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Koc-University?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gulay-Dereli?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cem-Ozdogan?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cem-Ozdogan?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Izmir-Katip-Celebi-Universitesi?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cem-Ozdogan?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cem-Ozdogan?enrichId=rgreq-863b91185942e854b4a8772d378d30d1-XXX&enrichSource=Y292ZXJQYWdlOzE5MzUwMTc7QVM6MjQ2NzQyMzE0NjQ3NTUyQDE0MzU4MzkzNjAwNjI%3D&el=1_x_10&_esc=publicationCoverPdf

PHYSICAL REVIEW B 67, 035416 (2003

Structural stability and energetics of single-walled carbon nanotubes under uniaxial strain
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A (10X 10) single-walled carbon nanotube consisting of 400 atoms with 20 layers is simulated under tensile
loading using our develope@(N) parallel tight-binding molecular-dynamics algorithms. It is observed that
the simulated carbon nanotube is able to carry the strain up to 122% of the relaxed tube length in elongation
and up to 93% for compression. Young's modulus, tensile strength, and the Poisson ratio are calculated and the
values found are 0.311 TPa, 4.92 GPa, and 0.287, respectively. The stress-strain curve is obtained. The elastic
limit is observed at a strain rate of 0.09 while the breaking point is at 0.23. The frequency of vibration for the
pristine (10< 10) carbon nanotube in the radial direction is 4710° GHz and it is sensitive to the strain rate.

DOI: 10.1103/PhysRevB.67.035416 PACS nuni®er81.40.Jj, 62.25tg, 62.20.Dc, 62.20.Fe

Single walled carbon nanotubéSWNT's) are observed the SWNT by the means of encapsulatidg molecules in-
to have high flexibility, strength, and stiffness, very similar to side the tube and the wall of the tulfeln our study, tensile
those of individual graphene sheets. Even though direct meatrain is applied by the reduction or enlargement of the radial
surements of such mechanical properties are difficult to perdimension while the nanotube is axially elongated or con-
form due to the nanosizes involved, along with developmentsracted. Throughout this procedure the volume of the tube is
in instrumentation, production, processing, and manipulatiofkept constant. Zhoet al,'° have investigated the mechani-
techniques, measurements of the elastic moduli of carbooal properties of SWNT’s with the same procedure using a
nanotubes have become possible. On the other hand, thisst—principles cluster method within the framework of the
extremely small size is very suitable for performing atomis-local density approximation. We further simulated the de-
tic simulations. Both the experimentdland theoreticdr®  formed tube structuréhe under uniaxial strajrfor another
studies have shown that SWNT’s and SWNT ropes ar000 MD stepgtime step is chosen again as } fs under-
promising low-weight, high-strength fibers for use as rein-stand the strain mechanism. Strain is obtained from(L
forcing elements in composite materials. It is also predicted-L,)/L,, whereL, andL are the tube lengths before and
that SWNT's can sustain large strains in the axial directfon. after the strain, respectively. Several strain values are applied
The axial Young’s modulus values range from 200 GPa ttto a pristine tube to study the strain rate. Simulations are
5.5 TPa in the literature. performed at room temperature, and the periodic boundary

The carbon nanotubes are known to have a honeycoméondition is applied along the axial direction.
structuré® and three C-C bonds formed between a carbon The binding energy curve of a carbon nanotube as a func-
atom and three adjacent carbon atoms in the unit cell can b#on of strain along the tubular axis is given in Fig. 1. We
classified as two kinds according to the relations of theirobserve an asymmetric pattern for the cases of elongation
spatial orientations: one is perpendicular to the tubular axignd compression. The tube does not have a high strength for
and the other is not perpendicular to the tubular axis in the&compression as much as for elongation. This might be due to
armchair tube. In this study, an armchair §00) carbon the dominant behavior of the repulsive forces in the system
nanotube consisting of 400 atoms with 20 layers is simulatedinder uniaxial strain. This figure indicates that the remark-
under tensile loading using our develop&{N) parallel able elastic properties under large strains are caused by the
tight-binding molecular-dynamicsTBMD) program'”*®  nonparabolic strain energy. We observed that the carbon
Two steps are followed: first, the tube is annealed at a simuaanotube is able to carry the strain up to 122% of the pristine
lation temperature for 3000 MD stefsach time step used in  tube length in elongation and up to 93% of pristine tube
the simulation being 1 js The variation of the total energy length in compression.
and some physical properties such as the radial distribution The variation of the total energy of the deformed system
function, atomic coordination number, bond-angle distribu-during MD simulations for the strains of 0.22 in elongation
tion function, and bond-length distribution function is given. and 0.07 in compression are given in Fig. 2. In the graphs,
The second step is to apply strain on the tube. Several grougise first 3000 MD steps are for the equilibration of the car-
have proposed different procedures, such as shifting the erttbn nanotube and the next 2000 MD steps show the variation
atoms along the axi§.e., z direction by small stepsS,reduc-  of the total energy of the tube during the simulation under
ing the radial dimension while the nanotube is axially applied uniaxial strain. It is seen that the tube under these
elongated? pulling in the axial direction with a prescribed strain rates is able to sustain its structural stability. For high
strain rate and following each step of pulling by some addi-strain rates the changes in the radial distribution function,
tional MD steps in order to relax the distorted structtfre, bond-length distribution, and bond-angle distribution are
and finally using hydrostatic pressure exerted on the walls ofjiven in Figs. 3-5. It is seen in the graphs that two-thirds of
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FIG. 1. Total energy curve as a function of strain
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boring carbon bonds and changes the lengths of the C-C
bonds.

Increasing the strain beyond these points results in a dis-
integration of atoms from the carbon nanotube. The geo-
metrical structures and the behavior of the total energy for
the strains 0.23elongation and 0.08(compression show
that the elongated tube dissociates by starting from the
middle like a zipper while the compressed tube starts to dis-
sociate from the ends of the tube. Each peak in Fig. 6 repre-
sents disintegrations of the atoms from the tube.

The elastic constants are calculated from the second de-
rivative of the energy density with respect to various strains.
To obtain the stress-strain curve, the cross section upon
which the resulting forces act is needed to be estimated. The
cross sectional area of a nanotube is ambiguous by
definition2® If a circular cylindrical shell is considered
around the surface of the nanotube, then the surface area of
the cross sectiors, is defined by

s=27R6R, 1)

whereR stands for the radius of the SWNT a@d®R for the

wall thickness. It should be noted that different wall-
thickness values were used by several graupsn Ref. 7,
S5R=3.4 A [measured interwall distance in the multiwall
nano tube(MWNT)] was used, while in Ref. 3R=1.7 A
(taken as the van der Waals radius for capbwas accepted;

it is also accepted as 0.66 @n the 7 orbital extensionin

Ref. 5 and as the whole cross-sectional area of the tube in the
Ref. 6. We defined the thickness of the SWNT shells&s
=3.4 A. The stress-strain curve obtained from this study is
given in Fig. 7. It is seen in the figure that the elastic limit is
at the strain value of 0.09. Beyond the elastic limit, the
stress-strain curve departs from a straight line. Hence, its

the bond lengths and one-third of the bond angles increasshape is permanently changed. The breaking point is ob-

(decreasewhen the tube is elongatedontracted, as ex-

served at the strain rate of 0.23. Young’s modulus is deter-

pected. Bond angles and bond lengths are the two importambined as the slope of the stress-strain curve. Our calculated
factors that control the deformation. The effect of strain onvalue of the Young's modulus of the (¥0L0) carbon nano-
the bonds is such that it alters the angles between two neighube is 0.311 TPa.
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FIG. 3. Radial distribution functions for the
tube structure 1810 under strains 0.22 and

—0.07, respectively.
FIG. 4. Bond-length distribution functions for

the tube structure 2010 under strains 0.22 and

—0.07, respectively.
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FIG. 5. Bond-angle distribution functions for
the tube structure 2010 under strains 0.22 and
—0.07, respectively.
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The theoretical tensile strength is defined as the maximurmeasures how much the tube contra@spands radially
stress which may be applied to the material without perturbwhen subject to a positiveegative axis straine. The cor-
ing its stability. It can be given as

Oth=2

de

S

responding value found in this study is 0.287.

Another interesting phenomenon we observed in the
simulation is the vibration of the SWNT in radial direction.
In Fig. 8, the average radius of the pristine K00) SWNT
as a function of MD steps is given. The frequency of vibra-

)

wheree is the stressg; is the maximum stress in the system, tion can be evaluated from the figure and has the value of
and s is the surface area of cross section. Our calculated-71x10° GHz. The variations of the radius for the strains
value is 4.92 GPa, which is larger than that of carbon fiber§-22 and—0.07 are also given in Fig. 8. It is found that the
(2.6 GPa,*° but less than the in-plane tensile strength ofstrain is effective on the vibration frequency. Increasing the
graphite(20 GPa.?°
Another mechanical property of interest is the Poissorfrequency of vibration. It ranges from 2.84.0° GHz to

ratio, defined by

whereR is the radius of the tube at the strain andR. is

14

1(R—Req)’

G

€q

strain on the tube structure results in the decrease for the

4.41x 10° GHz with a decrease by the increasing strain rate
and has a mean value of 3700° GHz.

We have thus determined the elastic properties of a (10
X 10) carbon nanotube under tensile loading and found
Young's modulus, tensile strength, the Poisson ratio, and fre-
quency of vibration to have the values 0.311 TPa, 4.92 GPa,

)

the equilibrium(zero-strain tube radius. The Poisson ratio 0.287, and 4.7%10° GHz, respectively. Several groups
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FIG. 7. The uniaxial stress applied to the tube
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have reported a wide range of values for the corresponding (vi) Difference in the tube lengths: although the periodic
properties by using various theoretical and experimentahoundary condition is applied for most cases, finite-size ef-
techniques. ) _ fects might be still important.

The Young's modulus values given by different research- oy result is in the range mentioned above. It emphasizes
ers range from 0.200 TPa to 5.5 THarhe following rea- the high Young’s modulus and high strengths of carbon

sons may be given for this variety of results. s Nanotubes. The strain at tensile failure for SWNT's was pre-
(i) The different values are used for the wall thickness. dicted to be as high as 0.40This tensile strength of 400

(”)QB)TS{?M procedures are applied to represent the‘GPa would be expected for SWNT's if one used the in-plane

strain. 7 Young's modulus of graphite-1 TPal! However, such a
(i) The curvature effect of nanotubes was neglectad ) . ' L C
high tensile strength has not been justified by experiments. In

not!® In Ref. 7, it is concluded that the elastic moduli of - > ;e .
nanotubesSWNT and MWNT) were insensitive to the geo- this study, it is found that the elastic limit is at the strain rate

metrical structure while it is suggested in Ref. 13 that0-09 and beyond this point the tube becomes permanently
Young’s modulus slightly depends on the tube diameter. Ofghanged. In Ref. 14, it is reported that for strain values
the other hand, the variation of Young's modulus as a funcdreater than 0.10, the tube becomes softened. They also es-
tion of tube radius is also reportéd. timated the strain at failure for the SWNT as 0.17 whereas it

(lV) Accuracy of methods: ﬁrst-princip]es methods areis found as 0.23 in this Study. The procedure for deSCfibing
more reliabl&1%1214 in comparison to the empirical the strain in their work is to apply hydrostatic stress to the

potentials>~’ tube wall. On the other hand, tight-binding electronic calcu-
(v) The strain rates that Young’s modulus was calculatedations reported by Ozalét al® revealed a strain as high as
are either differerif or not pointed ouf:® 0.30.
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669 . , FIG. 8. The variation of radius of a (10
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MD Steps with strain rates 22% ane 7%; respectively. It
7.1 is also given for the no-strain case as the inset.
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The calculated and measured tensile strength also varigshtained from the experiment 4.840° GHz (Ref. 21) and
in value. In Ref. 10, it is reported as 6.249 GPa by the resuljimost same with the value reported in the MD simulation
of a first-principles study while it has the value of 62.9 GPapy ysing a bond-order potentii.in Ref. 12, it is reported
for the perfect 5¢5 SWNT under hydrostatic pressufeAn-  inat the frequency of vibration is insensitive to the strain
other MD simulation by using the multibody potential func- rate and the frequency of vibration is identified as the
ti?” OIhthegeGmg%‘;gedthamE mﬁthzd .tr_eports tthg tegs(iil%elf-vibration. We have found that it is not constant
strength as 9. n the other hand, it is reported as 3. : ; : . )
GPa(Ref. 1) and as ranged from 13 to 52 GFRef. 2 in the azgnlgl;reasmg the strain rate decreases the vibration fre
experimental studies. The value found in this study is 4.9éq ’
GPa and seems comparable to the experimental and theoret- We thank Dr. Tahir @gn for discussions and
ical results. his help with theO(N) algorithms during his TOKTEN/
The calculated Poisson ratio is 0.287 and in goodUNISTAR visit. The research reported here is supported
agreement with the available reported values which ardy TUBITAK (Scientific and Technical Research Council
0.278 (Ref. 7 and 0.32 (Ref. 10. The evaluated fre- of Turkey) through Project No. TBAG-1877 and by
quency of vibration for the pristine (2010) Carbon the Middle East Technical University through Project
nanotube is 4.7% 10° GHz which is very close to the value No. AFP-2000-07-02-11.
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