THE EFFECT OF COLLAPSED NANOTUBES ON NANOTUBE BUNDLE STRENGTH
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Abstract: In this paper, we have evaluated the strength of a nanotube bundle, with or
without collapsed nanotubes. The self-collapse can increase the strength up to a value of
about 30%, suggesting a design towards Artsutanov’s dream of the space elevator, thanks
to the design of a 30MYuri strong tether. Graphene bundles are expected to be even
stronger.
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Introduction

An explosion of interest in the scaling-up of buckypapers, nanotube bundles and graphene sheets is
taking place in contemporary material science. In particular, nanostructures can be assembled (or well
dispersed in a matrix) in order to produce new strong materials and structures. Recently, macroscopic
buckypapers [1-5], nanotube bundles [5-12] and graphene sheets [13-16] have been realized. In spite
of these fascinating achievements of the contemporary material science and chemistry we are
evidently far from an optimal result. The reported mechanical strength of buckypapers and graphene
sheets, for example, are comparable to that of a classical sheet of paper and macroscopic nanotube
bundles have a strength still comparable to that of steel.

This paper, following [1], aims to extend the previous calculations performed by the same author,
on the strength of nanotubes [17-20] or nanotube bundles [21-23] and assuming the intrinsic fracture
of the composing nanotubes (i), for nanotube sliding (ii). For such a case, we have for the first time
analytically calculated that single walled nanotubes with diameters larger than ~3nm will self-collapse
in the bundle as a consequence of the van der Waals adhesion forces and that the self-collapse can
enlarge the cable strength up to ~30%. This suggests the design of self-collapsed super-strong
nanotube bundles, corresponding to a maximum cable strength of ~48GPa, comparable to the
thermodynamic limit assuming intrinsic nanotube fracture of km-long cable (see [23], highlighted by
Nature 450, 6, 2007). This results suggests that nanotube bundles are stronger than classical nanotube
bundles. Such self-collapsed nanotube super-strong bundles are thus ideal for space elevator missions,
where high strength is needed to prevent cable and mission failure. Note that the collapse under
pressure, and even under atmospheric pressure, i.e. the self-collpase of nanotubes in bundle, was
firstly investigated by atomistic simulations in [24]. Moreover, the self-collapse of nanotubes in a
bundle has been recently experimentally observed [25]. Thus such super-strong bundles are becoming
feasible. Graphene bundles are expected to be even stronger [26].
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Self-buckling

The buckling pressure of a nanotube in a bundle can be calculated with the classical elastic buckling
formula but including the “Laplace-like” surface adhesion pressure term [1]:

7
R? R (1)

where D is the graphene bending rigidity, N is the nanotube wall numbers, R is the nanotube
external radius and y is the surface energy. The first term in eq. (1), for & =3 is that governing the

buckling of a perfectly elastic cylindrical long thin shell, whereas a =1 would describe fully
independent walls.

From eq. (1) we derive the following condition for the self-collapse, i.e. collapse under zero
pressure, of a nanotube in a bundle:

R>RM = 3N'D D:@RgN)
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Taking D=0.11nN-nm and »=0.18N/m we find 2RY ~2.7nm. Considering an

intermediate coupling between the walls (a =~ 2), the critical diameters for double and triple walled
nanotubes are 2R’} = 5.4nm and 2RY ~ 8.1nm.

Figure 1: Self-collapsed nanotubes in a bundle [25].
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In [25], 17 experimental observations on the self-collapse of nanotubes in a bundle have been
reported, see Figure 1 and related Table 1. A number of 5 single walled nanotubes with diameters in
the range 4.6-5.7nm were all observed as collapsed; moreover, while the 3 double walled nanotubes
observed with internal diameters in the range 4.2-4.7nm (the effective diameters are larger by a factor
of ~0.34/2nm) had not collapsed, the observed 8 double walled nanotubes with internal diameters in
the range 6.2-8.4nm had collapsed. Finally, a triple walled nanotube of 14nm internal diameter (the
effective diameter is ~14.34m) was observed as collapsed too. All these 17 observations are in
agreement with our theoretical predictions of eq. (2), supporting our conjecture of liquid-like
nanotube bundles [1].

Nanotube Number N Diameter of the | Collapsed (Y/N)
number of walls internal wall [nm] Exp. & Theo.
1 1 4.6 Y

2 1 4.7 Y

3 1 4.8 Y

4 1 5.2 Y

5 1 5.7 Y

6 2 4.2 N

7 2 4.6 N

8 2 4.7 N

9 2 6.2 Y

10 2 6.5 Y

11 2 6.8 Y

12 2 6.8 Y

13 2 7.9 Y

14 2 8.3 Y

15 2 8.3 Y

16 2 8.4 Y

17 3 14.0 Y

Table 1: Self-collapse of nanotubes in a bundle: our theory exactly fits the experimental observations [1].

Sliding strength

Assuming sliding failure, the energy balance during a longitudinal delamination (here
“delamination” has the meaning of Mode Il crack propagation at the interface between adjacent
nanotubes) dz under the applied force F, is:

d® — Fdu — 2y(P; + P, )dz=0 @)

where d® and du are the strain energy and elastic displacement variation due to the infinitesimal
increment in the compliance caused by the delamination dz; P,,, describes the still existing van der
Waals attraction (e.g. attractive part of the Lennard-Jones potential) for vanishing nominal contact
nanotube perimeter P, = 6a (the shear force between two graphite single layers becomes zero for

nominally negative contact area); 6a is the contact length due to polygonization of nanotubes in the
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bundle, caused by their surface energy y. Elasticity poses — =—

dz 2ES
sectional surface area of the nanotube, whereas according to Clapeyron’s theorem Fdu = 2d @ . Thus,
the following simple expression for the bundle strength (o, = FC/S, effective stress and cross-

, Where S is the cross-

sectional surface area are here considered; F. is the force at fracture) is predicted:

O_((:theo) — 2 }Eyg
4)

in which it appears the ratio between the effective perimeter (P = P. + P, ) in contact and the

cross-sectional surface area of the nanotubes.

Assuming a non perfect alighnment of the nanotubes in the bundle, described by a non zero angle
[, the longitudinal force carried by the nanotubes will be F/COS,B, thus the equivalent Young’

modulus of the bundle will be E cos? [, as can be evinced by the corresponding modification of the

energy balance during delamination; accordingly:

Oc =2C0Sf3 E)/g
(®)

The maximal achievable strength is predicted for collapsed perfectly aligned (sufficiently

P 1
overlapped) nanotubes, i.e. g ~ m, where t is the graphene thickness, f =0:

C
Nt (6)

Taking E =1TPa (Young’s modulus of graphene), ¥ =0.2 N/m (surface energy of graphene;
however note that in reality y could be also larger as a consequence of additional dissipative
mechanisms, e.g. fracture and friction in addition to adhesion), the predicted maximum strength for
single walled nanotubes (N=1) is:

o™ = o™ = 48.5GPa -

whereas for double or triple walled nanotubes o"*? = 34.3GPa or ¢"*) = 28.0GPa. Eq. (7)
suggests the feasibility of 30MYuri strong tethers.
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Self-buckling and sliding strength coupling

According to the previous analysis, the ratio between the bundle strength O'((;O), in the presence of

self-collapse, and O'((:O) , in the absence of self-collapse, is predicted to be:

o 27R + Py
©)
o 1 [N“D 3N“D
27Z'R 1—E T}/ +PvdW R > RéN) —

. for Y @)

The maximal strength increment induced by the self-collapse is thus:

©)

Eq. (9) shows that the self-collapse could enhance the nanotube bundle strength up to ~30%. The
reason is obviously the incremented surface area of the interfaces between the nanotubes.

Conclusions

The calculation in eq. (7) suggests a maximal achievable strength larger than 30MYuri, thus
compatible with the Artsutanov’s dream of the space elevator. Strong adhesion energy, high stiffness,
low fiber dimension (thus aggregation must be avoided) and high alignment are all key factors for a
practical realization of the single walled nanotube super strong bundle. Graphene bundles are
expected to be even stronger [26].

References

[1] N. Pugno, The design of self-collapsed super-strong nanotube bundles. J. of the Mechanics and Physics of Solids, 2010,
58, 1397-1410.

[2] Z. Wu, Z. Chen, X. Du, J. M. Logan, J. Sippel, M. Nikolou, K. Kamaras, J. R. Reynolds, D. B. Tanner, A. F. Hebard,
A. G. Rinzler, Transparent conductive carbon nanotube films, Science, 2004, 305, 1273-1273.

[3] M. Endo, H. Muramatsu, T. Hayashi, Y. A. Kim, M. Terrones, M. S. Dresselhaus, Nanotechnology: 'Buckypaper' from
coaxial nanotubes, Nature, 2005, 433, 476-476.

[4] S. Wang, Z. Liang, B. Wang, C. Zhang, High-strength and multifunctional macroscopic fabric of single-walled carbon
nanotubes, Advanced Materials 2007, 19, 1257-1261.

[5] M. Zhang, S. Fang, A. A. Zakhidov, S. B. Lee, A. E. Aliev, C. D. Williams, K. R. Atkinson, R. H. Baughman, Strong,
transparent, multifunctional, carbon nanotube sheets, Science 2005, 309, 1215-1219.

[6] H. W. Zhu, C. L. Xu, D. H. Wu, B. Q. Wei, R. Vajtai, P. M. Ajayan, Direct synthesis of long single-walled carbon
nanotube strands, Science 2002, 296, 884—886.

[7] K. Jiang, Q. Li, S. Fan, Nanotechnology: Spinning continuous carbon nanotube, Nature 2002, 419, 801-801.

[8] A. B. Dalton, S. Collins, E. Munoz, J. M. Razal, Von H. Ebron, J. P. Ferraris, J. N. Coleman, B. G. Kim, R. H.
Baughman, Super-tough carbon-nanotube fibres, Nature 2003, 423, 703-703.

[9] L. M. Ericson, H. Fan, H. Peng, V. A. Davis, W. Zhou, J. Sulpizio, Y. Wang, R. Booker, J. Vavro, C. Guthy, A. N. G.
Parra-Vasquez, M. J. Kim, S. Ramesh, R. K. Saini, C. Kittrell, G. Lavin, H. Schmidt, W. W. Adams, W. E. Billups, M.

cblimB -Vol2/No 1 Page | 29



Pasquali, W.-F. Hwang, R. H. Hauge, J. E. Fischer, R. E. Smalley, Macroscopic, neat, single-walled carbon nanotube fibers,
Science 2004, 305, 1447-1450.

[10] M. Zhang, K. R. Atkinson, R. H. Baughman, Multifunctional carbon nanotube yarns by downsizing an ancient
technology, Science 2004, 306, 1358--1361.

[11] Y.-L. Li, I. A. Kinloch, A. H. Windle, Direct spinning of carbon nanotube fibers from chemical

vapor deposition synthesis, Science 2004, 304, 276-278.

[12] K. Koziol, J. Vilatela, A. Moisala, M. Motta, P. Cunniff, M. Sennett, A. Windle, High-performance carbon nanotube
fiber, Science 2007, 318, 1892-1895.

[13] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, A. A. Firsov,
Electric field effect in atomically thin carbon films, Science 2004, 306, 666—669.

[14] C. Berger, Z. Song, X. Li, X. Wu, N. Brown, C. Naud, D. Mayou, T. Li, J. Hass, A. N. Marchenkov, E. H. Conrad, P.
N. First, W. A. de Heer, Electronic confinement and coherence in patterned epitaxial graphene, Science 2006, 312, 1191-1196.

[15] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J. Zimney, E. A. Stach, R. D. Piner, S. T. Nguyen,
R. S. Ruoff, Graphene-based composite materials, Nature 2006, 442, 282-285.

[16] D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. B. Dommett, G. Evmenenko, S. T. Nguyen, R. S. Ruoff,
Preparation and characterization of graphene oxide paper, Nature 2007, 448, 457-460.

[17] N. Pugno, R. Ruoff, Quantized Fracture Mechanics, Philosophical Magazine, 2004, 84/27, 2829-2845.

[18] N. Pugno, Dynamic Quantized Fracture Mechanics. Int. J. of Fracture, 2006, 140, 159-168.

[19] N. Pugno, New quantized failure criteria: application to nanotubes and nanowires. Int. J. of Fracture, 2006, 141, 311-
323.

[20] N. Pugno, Young’s modulus reduction of defective nanotubes. Applied Physics Letters 2007, 90, 043106-1/3.

[21] N. M. Pugno, On the strength of the nanotube-based space elevator cable: from nanomechanics to megamechanics. J.
of Physics - Condensed Matter, 2006, 18, S1971-1990.

[22] N. M. Pugno. The role of defects in the design of the space elevator cable: from nanotube to megatube. Acta
Materialia, 2007, 55, 5269-5279.

[23] N. M. Pugno, Space Elevator: out of order?. Nano Today, 2007, 2, 44-47.

[24] J. A. Elliott, J. K. Sandler, A. H. Windle, R. J. Young, M. S. Shaffer, Collapse of single-wall carbon nanotubes is
diameter dependent. Physical Review Letters, 2004, 92, 095501.

[25] M. S. Motta, A. Moisala, I. A. Kinloch, A. H. Windle, High performance fibres from 'Dog Bone' carbon nanotubes,
Advanced Materials, 2007, 19, 3721-3726.

[26] N. Pugno, Towards the Artsutanov’s dream of the space elevator: the ultimate design of a 35GPa stronger tether
thanks to graphene, Acta Astronautica, 2013, 82, 221-224.

Page | 30 cbmB -Vol2/No 1



