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Abstract

We have conducted pulling and bending tests on individual carbon nanotubes in-situ in a transition electron microscope. Based
on our observation of the force required to break the tube, a tensile strength of 0.15 TPa was computed. From corresponding
bending studies on such nanotubes, the Young’s modulus was estimated to be 0.9 TPa (0.8 TPa after ‘sub continuum’ corrections).
These results suggest a strength that is a large fraction of the elastic modulus, although previous measurements of their elastic
stiffness have yielded higher modulus values, by as much as a factor of 2. The result does indicate that individual nanotubes can
fail as essentially defect-free materials. Furthermore, we observed no obvious reduction in cross-sectional area prior to the failure.
In addition, the bending experiments revealed a remarkable flexibility in these tubes. These unique properties support the potential
of nanotubes as reinforcement fibers in structural materials. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The sp? carbon—carbon bond in the basal plane of
graphite is the strongest of all chemical bonds [1], but
the weakness of the interplanar bonding means that
ordinary graphite is of little value as a structural mate-
rial. One way in which the great strength of the sp?
bonds can be exploited practically is through the use of
fibers in which all the basal planes run approximately
parallel to the axis. Carbon fibers have been produced
in this way for many years and have been utilized in a
variety of composite structures. These fibers exhibit
very high stiffness (for their diameters) and tensile
strengths (2—-5 GPa for fibers [2,3] and up to 20 GPa
for ‘whiskers’ [4], as compared to 1-2 GPa for most
high-strength steels), but still fall short of the theoreti-
cal maximum due to the presence of structural defects.
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The theoretical cohesive strength, o, for a material can
be estimated [5] as o = EA/2na,, where E is Young’s
modulus (1026 GPa for a graphene sheet [6], 4, the
period of the assumed sinusoidal interatomic force
function and a,, the equilibrium atomic separation.
Taking a, to be equal to half the period, we obtain
oc~E/m (0.326 TPa for graphene). The Orowan-—
Polanyi treatment [7,8] derives the theoretical strength,
o1, by equating the work of fracture to the surface
energy gain in creating two new surfaces, resulting in
or = (Ey/a)®®, where 7 is the surface energy for the
prismatic bonds of graphene (4.2 J m =2 [9]) and q, the
interplanar separation of the surface undergoing frac-
ture. Depending on the choice of this surface, o1 can
range from E/7 to E/5 (0.14-0.177 TPa), an order of
magnitude higher than the value cited above for carbon
whiskers.

The discovery of fullerine-related carbon nanotube
structures in 1991 [10] has renewed hopes of approach-
ing the theoretical limit of tensile strength. Since such
structures are much smaller (by a factor of 1000 or
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more) and grow as concentric cylinders, rather than in
scroll-like structures, as do conventional carbon fibers
[4], they are nearly defect-free. Indirect measurements
of the mechanical properties of these nanotubes have
yielded very high moduli indeed (Table 1). Direct ten-
sile testing of individual tubes, however, has proved
challenging, however, due to their extremely small size
(10 nm or less in diameter). We have developed a
tensile testing stage for this purpose, using microfabri-
cation techniques. This device enables the direct appli-
cation of a tensile strain to individual nanotubes while
they are viewed in a transmission electron microscope
(TEM). The resolution and contrast mechanisms of the
TEM are essential in detecting defect structures and
lattice deformation, as well as for accurately measuring
tube dimensions, which are on the order of the
nanometer scale, a combination which neither atomic
force microscopy (AFM) nor scanning electron mi-
croscopy (SEM) can match.

An accurate assessment of the mechanical properties
of individual nanotubes is an important first step in
guiding the potential development of structural com-
posite materials incorporating these nanotubes so that
their inordinately high tensile strength and stiffness can
be realized in everyday materials.

2. Materials and experimental procedures

Carbon nanotubes were synthesized by arc discharge
using a B-doped carbon anode [11]. This procedure was
found to give rise to carbon nanotubes with lengths
often-exceeding tens of microns, which facilitated test-
ing. The tensile testing device (Fig. 1a) [12] was fabri-
cated from silicon utilizing microfabrication techniques.
Prior to nanotube deposition, a thin gold film was
deposited around the device gap region. This thin film
was seen to facilitate the adherence of nanotubes to the
device. Fig. 1b shows one such multiwalled carbon tube

Table 1
Representative mechanical property measurements on multiwalled
carbon nanotubes

E (TPa) or (TPa) Method

0.81 (50%) AFM-2 ends clamped [34]

1.28 (40%) AFM-1 end clamped [22]

1.26 (20%) TEM-thermally vibrating beam

[23]

0.1-1 (~1/R) TEM-electrostatic deflection [15]
(30%)

0.27-0.95 0.01-0.06 Dual AFM cantilevers [35]

0.91 (20%) 0.15 (30%) TEM-direct tension (this work)

Numbers in parentheses indicate estimated experimental uncertain-
ties, where noted by the investigators. E, Young’s Modulus; o,
tensile strength; R, nanotube radius.

spanning the gap. Tension was applied utilizing a
piezoelectric manipulation holder, fabricated in-house,
the details of which have been provided earlier [13—15].

To calibrate the force applied to the nanotube, the
course manual drive of the manipulation holder (incor-
porating a linear spring element) was utilized initially.
An atomic force microscope cantilever of known spring
constant was mounted in the transmission electron
microscope (Topcon 002B, 200 kV accelerating voltage)
and the deflection of the cantilever measured through a
range of travel of the drive (extension of the spring).
This enabled determination of the force applied by the
spring for a given extension (i.e. giving the spring
constant). The cantilever was then replaced with the
tensile test device and its extension noted for the same
exerted force by the spring. In this way the spring
constant of the tensile testing stage was determined.
During the actual experiment, the piezoelectric drive of
the manipulation holder was used to impart motion to
the spring, which, in turn, applied force to the test
device. The total force applied to the nanotube was
thus the force applied by the linear spring minus the
restoring force supplied by the test device. Prior to the
actual tensile test, a voltage-spring extension relation-
ship was established by observing a number of exten-
sion—compression cycles and performing a best-fit
linear regression analysis on the data. Fig. lc depicts
the experimental configuration in block diagram form.
For bending tests, the directions of the forces are
reversed.

Nanotubes were deposited onto the device by drop-
ping via a pipette from an ultrasonically dispersed (in
isopropanol) solution of nanotubes. Generally, this pro-
cess alone was sufficient to secure nanotubes at both
ends. In a few cases, a carbon contamination spot was
actually formed on one end by converging the electron
beam, and this spot utilized as the support. Various
pulling and bending sequences could then be observed
and recorded on videotape for subsequent analysis.

3. Results and discussion
3.1. Tensile test

It was found impractical to record individual steps in
the tensile test photographically, consequently, video
taping (30 fps) was utilized. Fig. 2a shows a still
micrograph of the nanotube under test just prior to
straining. During the actual event, the tube is nearly
out of contrast with respect to the background, due,
most likely, to vibratory motion along its entire length.
It has been proposed [16,17] that above a critical elon-
gation (up to 5%) and just prior to failure, a 90°
rotation of the C—C bond occurs resulting in the forma-
tion of a dislocation dipole with a pentagon—heptagon
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Fig. 1. (a) Microfabricated nanotube tensile testing device; (b) multiwall carbon nanotube spanning device gap; (c) block diagram of experimental

setup.

core (termed the Stone—Wales transformation [18]).
This transformation has also been shown to be re-
versible in numerical simulations up to strains of 5%
[16]. These heptagons can subsequently be stretched
further than the hexagons they replace, thus increasing
the strain to failure. Examination of individual video
frames before and after failure reveals a strain (differ-
ence in distance between the fixed and moving ends of
the tensile device stage) of just over 5%, prior to failure.

Uncertainties in determining the exact attachment end-
points of the nanotube could reduce this value to a
minimum of ~ 3.5%, still a substantial elongation prior
to failure when compared to conventional materials. It
should also be noted that no narrowing down of the
nanotube was observed immediately before fracture,
which is consistent with the lower temperature defor-
mation mechanism predicted from dislocation theory
[19]. However, the rapidity of the event may preclude
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observation of details immediately prior to breakage.
Thus we cannot determine with certainty whether the
deformation mode is brittle or ductile fracture (i.e.
whether some degree of inelastic deformation precedes
fracture). Fig. 2b shows both ends of the tube after
fracture, thus ruling out the possibility of its merely
pulling away from one fixed end of the device. This is,
to the authors’ knowledge, the first observation of
actual breakage of a nanotube in tension in the TEM.
Earlier investigators [20] have observed nanotube
breakage utilizing a dual AFM tip arrangement in a
scanning electron microscope. In that case, the force
was applied to a coupled nanotube—AFM cantilever
system. In the present work, the force was exerted
directly to the nanotube by the tensile testing stage. Fig.
2b also reveals that the tube has apparently ‘healed’
itself by forming a closed endcap. In the actual nan-
otube, the applied load is resisted internally by a stress
set up in each individual layer (concentric tube). Now,
it can be seen from the Fig. 2b that the fracture surface
is not orthogonal to the nanotube axis (i.e. individual
layers fail at slightly different positions with respect to
the axis of the tube). Consequently, an uneven stress
distribution is set up in the nanotube just after break-
age and this gives rise to a net vertical force that
displaces the free end of the nanotube rapidly down-
ward (Fig. 2, right). It should also be noted that several
instances of ‘telescoping’ tubes with straining were seen,
as has been reported previously [13,20] and in some
cases, the ‘telescoped’ tube was subsequently pulled to
breakage. These tests did not lend themselves to numer-
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Fig. 2. (a) Multiwall carbon nanotube just prior to tensile testing.
Arrows indicate direction of loading (white is actual pulling direc-
tion); (b) fracture surfaces of both ends of the tube after breakage.
Note that rightmost end of nanotube has moved vertically downward
past another, unrelated tube.

ical calculations of the fracture strength, however.
Based on our observed tensile force at failure (18 puN)
and the measured cross sectional area of the nanotube
(123 nm?, based on a tube diameter of 12.5 nm), our
computed tensile stress to breakage is 0.15 TPa. Uncer-
tainties in this measured value can be attributed to the
force constant of the AFM cantilever utilized for cali-
bration (20%) and the magnification of the TEM im-
ages, from which nanotube dimensions were obtained
(5-10%). This value is in general agreement with that
predicted by the Orowan-—Polyanyi relation, utilizing
E=1.026 TPa [8] for the graphene sheet. However,
Overney et al. [21] have calculated E=1.5 TPa for
carbon nanotubes, using a Keating potential approach.
Experimentally, Wong et al. [22] have measured £ = 1.8
TPa on carbon nanotubes bent by an AFM cantilever,
while Chopra [23] has derived an E value of 1.26 TPa
from observations of thermal vibrations of carbon nan-
otubes in a TEM. Treacy et al. have obtained even
higher values [24]. It should be noted that our geome-
try, consisting of concentric curved sheets is more com-
plicated than that considered in deriving the above
relation and so the theoretical tensile strength would
not necessarily be limited by that analysis. The signifi-
cant point is not the exact value obtained, but that it
has been directly measured in the fractional TPa range,
as predicted for defect-free structures. We should also
note that unlike a number of previous studies of bend-
ing nanotubes, supported along a substantial portion of
their length by a substrate, our circular cross section is
unambiguous since the vast majority of the length of
the nanotube is freely suspended in space (i.e. the cross
section is likely circular). Although we were unable to
obtain direct resolution of individual walls in the nan-
otube under test, both the ‘core’ and ‘wall’ regions are
clearly visible in Fig. 2. Based on measurements taken
from these images, we calculate the number of walls as
~ 13. Our higher value of tensile stress to failure,
coupled with the observation of the fracture surface
(Fig. 2) suggests that the outermost walls break nearly
at once. Examination of still micrographs before and
after the event reveals much higher elongation, suggest-
ing that the inner tubes may undergo a ‘sword in
sheath’ [20], (telescoping) phenomenon prior to failure.
Previous observations by our group have noted negligi-
ble friction between adjacent layers within multiwalled
carbon nanotubes [13], in which case the loaded cross
section (and thus the derived tensile strength) would be
even higher.

3.2. Bending test

We also observed a number of bending sequences in
which nanotubes exhibit a remarkable flexural robust-
ness, largely unmatched in other materials. Fig. 3 a—i
depict select frames from a video sequence in which a



B.G. Demczyk et al. / Materials Science and Engineering A334 (2002) 173—178 177

a b

it , o

f
B |
’ 50 nm

Fig. 3. In-situ bending sequence on a single multiwalled carbon nanotube. Note strain contrast at sharp bends (b—e) and the lack of the same in

the straightened tube (i).

nanotube was bent ‘over itself” (Fig. 3a) and subse-
quently straightened out (Fig. 3i). In this sequence, the
leftmost end of the nanotube was held fixed, so forming
a cantilever beam arrangement. The sequence can be
repeated over and over without any apparent damage
to the nanotube structure. This is consistent with obser-
vations of other workers suggesting elastic deformation
in bending in even highly distorted configurations in
these materials [25-28]. We can use simple cantilever
beam theory [25,29] to extract a value of Young’s
modulus for the last case (Fig. 3i), which most closely
approximates a cantilever beam in simple bending.
Ponchatral et al. [15] have modeled nanotubes in bend-
ing (due to an eclectrostatic attractive force) as elastic
beams with the load concentrated at one end. Consider-
ing the nanotube to be a hollow cylinder of length, L,
radius, r, and thickness, 7, we can express the (Young’s)
modulus, E= PL3/315,,.., where J_,, is the maximum
deflection at the free end and I, the moment of inertia
(= ntr3). Now the load applied by the tensile stage, o,
is primarily along the tube axis. Consequently, the
component applied normal to the beam axis, P = ¢ tan
o, where o is the beam (tube) deflection angle from the
horizontal ( ~ 10° in Fig. 3i). From the figure, L = 500
nm, r = 5.56 nm, = 333.3 nm ( ~ 10 walls). Therefore,
for an applied load, P =10.9 uN, we obtain, £=0.91
TPa, which is consistent with both theory [30,31] and
previous experimental results (Table 1).

Govindjee and Sackman [32] have discussed the
validity of continuum mechanics in the estimation of
nanotube properties. In their work, an expression was

derived from consideration of the error involved in
improperly homogenizing the cross section of a multi-
walled tube consisting of discrete, separated layers of
finite thickness (reflected in the moment of inertia term)
in determining FE. Utilizing their correction for a 10
walled tube in the limit of the graphene sheet thickness
much less than the wall spacing (0.334 nm), we obtain
a value of 1.14 for the error (E./E) in using continuum
mechanics, which reduces E- to E=0.8 TPa. Close
examination of Fig. 3 c—e reveals strain contrast near
the tube walls on the convex side of the bend. This
contrast arises due to a bending of atomic planes,
which deflect the electron beam away locally [33]. This
observation is consistent with reports of buckling in
these systems upon bending [15]. The lack of such
strain contrast in the straightened out tube indicates
that no plastic deformation (defect formation) has
occurred.

4. Summary

The large elastic modulus and breaking strength de-
termined for these multiwalled carbon nanotubes makes
them obvious candidates for reinforcement elements in
ceramic, metal and polymer matrix composites. In par-
ticular, the elastic buckling exhibited by carbon nan-
otube makes them exceedingly resilient materials.
Hence, the ability of carbon nanotubes to elastically
sustain loads at large deflection angles enables them to
store or absorb considerable amounts of energy. This
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should render carbon nanotube reinforced composites
applicable where energy-absorbing properties are
desired.
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