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The excellent mechanical properties of carbon nanotubes are being exploited in a growing number of applications from ballistic
armour to nanoelectronics. However, measurements of these properties have not achieved the values predicted by theory due to a
combination of artifacts introduced during sample preparation and inadequate measurements. Here we report multiwalled
carbon nanotubes with a mean fracture strength >100 GPa, which exceeds earlier observations by a factor of approximately
three. These results are in excellent agreement with quantum-mechanical estimates for nanotubes containing only an occasional
vacancy defect, and are ~80% of the values expected for defect-free tubes. This performance is made possible by omitting
chemical treatments from the sample preparation process, thus avoiding the formation of defects. High-resolution imaging was
used to directly determine the number of fractured shells and the chirality of the outer shell. Electron irradiation at 200 keV for
10, 100 and 1,800 s led to improvements in the maximum sustainable loads by factors of 2.4, 7.9 and 11.6 compared with non-
irradiated samples of similar diameter. This effect is attributed to crosslinking between the shells. Computer simulations also

illustrate the effects of various irradiation-induced crosslinking defects on load sharing between the shells.

Quantum mechanics calculations'™ predict that defect-free
single-walled carbon nanotubes possess Young’s modulus values
of ~1TPa, tensile strengths >100 GPa, and failure strains of
~15-30% depending on chirality. However, experimental
measurements to date®®, which have all involved multiwalled
carbon nanotubes, have observed markedly lower values for
fracture strengths and failure strains. In 2000, a study® reported a
mean fracture strength of 28 GPa for outer-shell tensile failure in
19 arc-discharge-grown multiwalled carbon nanotubes, failure
strains of between 2 and 13%, and anomalous modulus values as
low as 270 GPa. Calculations®'® have suggested that defects
introduced by oxidative pitting during nanotube purification can
markedly reduce fracture strength. Modelling also indicates that
extensive pitting will lead to dramatically lower modulus values
and increases in failure strains'!.

More recently, fracture studies’ on 14 unpurified arc-discharge-
grown multiwalled carbon nanotubes yielded a mean modulus
value of 955 GPa, in good agreement with theory, but mean
fracture strengths and failure strains that were still only 24 GPa
and 2.6%, respectively. Potential sources of large defects that
might explain the continued underperformance of the measured
fracture strengths are the use of sonication to partially disperse
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the nanotubes and electron-beam-induced reactions between the
nanotubes and residual water in the scanning electron
microscope (SEM) chamber, as has recently been observed by
Meglhave and colleagues'?. Previous measurements of tensile
failure for large-diameter chemical vapour deposition (CVD)-
grown multiwalled carbon nanotubes® demonstrated multishell
failure, frequently involving all shells, at low failure strains. In
that work, the number of load-bearing shells was not well
characterized, so the fracture strengths were reported as if only a
single shell had failed. Under this assumption, the average
strength measured for CVD-grown nanotubes was higher than
that measured for single-shell fracture of arc-discharge-grown
nanotubes, likely due to significant intershell load transfer
facilitated by the irregular shell structure (waviness) resulting
from the CVD synthesis process. However, if the cross-sectional
area of all fractured shells is used in the calculation of the
specimen strength, the values would be well below those
predicted by theoretical calculations.

Considerable effort has been put into developing methods for
purifying nanotubes'>!* and for determining the types of defects
that are present'>'7. The persistent failure of experiments to
observe carbon nanotube tensile fracture strengths and strains
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Figure 1 Testing system and in situ TEM metrology. a, SEM image of the MEMS arrangement used to test the mechanical properties of various carbon nanotubes.
b, SEM image of a multiwalled nanotube bridging the gap between the actuator (left) and the load sensor. ¢, TEM image of sample 1 after fracture. Paths E and F
were used to create intensity profiles on either side of the fracture to verify that only a single shell failed. d, Electron diffraction pattern of the nanotube. The principal
layer lines are labelled /;, /, and /5, and the layer line spacings are labelled D, and D,. The dashed line through the centre has been inserted as a reference for D,
and D,, and is not a part of the image. e, Intensity profile along path E, showing evidence for 12 shells. f, Only 11 shells can be seen in the intensity profile along
path F, showing that just one shell failed. g, Intensity profile along /;. The distances between the peaks are labelled 2X; and 2X,.

Table 1 Measured properties for both irradiated and non-irradiated multiwalled carbon nanotubes.

Sample  Outer shell  Gauge Outer Inner No. of Total no.  Dose Stiffness ~ Max Failure Modulus
no. chirality length (hnm)  diameter (nm)  diameter (hm)  broken shells  of shells (Ccm=2) (Nm™7) load (nN)  stress (GPa)  (GPa)
1 [184, 8] 1,852 14.72 — 1 12 0 9.6 1,772 98 990
2 [200, 1] 2,024 15.71 — 1 17 0 8.7 1,845 110 1,049
3 — 2,105 25.97 — 1 20r3 0 14.6 2,684 97 1,105
4 — 1,035 39.48 37.44 3 18 31 114.0 10,326 82 932
5 — 568 25.87 13.69 18 33 31.0 559.4 21,866 58 840
6 — 1,899 49.01 13.47 52 61 558.0 542.1 60,515 35 590

comparable to those predicted by theory has also led to speculation
that, even in perfect samples, aggregation'® of stress-induced!”
Stone—Wales defects?® could lead to failure mechanisms that
limit strength.

In this work we present experimental measurements of single-
shell failure for multiwalled carbon nanotubes that display fracture
strengths of ~100 GPa and fracture strains that are very close to
theoretical predictions (that is, comparable to what is expected
for structures containing only small defects such as vacancies
or Stone—Wales defects). We also demonstrate that electron-
irradiation-induced crosslinking of multiwalled carbon nanotubes
can yield dramatic increases in sustainable loads. Irradiation has
already been extensively studied in the context of increasing
stiffness?’4, but we show here that although large numbers of
defects are introduced in this process, failure strains and failure
stresses remain at a significant fraction of what would be
expected for non-irradiated shells loaded in tandem.
Furthermore, modelling is presented to illustrate the efficiency of
load sharing between shells as a function of the type and degree
of crosslinking.
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IENSIE TESTING: APPROACH AND RESULTS

The experimental work was carried out using an in situ
transmission electron microscopy (TEM) method using a MEMS
material testing system?>~® that allows accurate measurement of
both load and displacement simultaneously with TEM imaging.
Load is applied using a thermal actuator on one side of the
mobile testing stage, and displacement is measured using a
MEMS differential capacitive sensor on the opposite side
(Fig. 1a). Arc-discharge-grown multiwalled carbon nanotubes
were mounted on the testing stage using a piezoelectric
nanomanipulator built by Klocke Nanotechnik inside a LEO
Gemini 1525 SEM. The nanotubes were provided by n-Tec and
had a diameter distribution of ~2—-50 nm and an average length
of 5 pwm. Scanning electron microscopy images of as-grown (that
is, unpurified) multiwalled nanotube powder were used to
identify suitable tubes. A selected nanotube was welded to the
nanomanipulator probe by electron-beam-induced deposition of
carbon and then transported to the MEMS stage and attached by
means of carbon deposition at two points. Specimens were

627

© 2008 Macmillan Publishers Limited. All rights reserved.


www.nature.com/naturenanotechnology

ARTICLES

m 18 shells

El

s

=2

(72}

5]

=

0 2 4 6 8 10
Distance along path B (nm)

n 15 shells

E]

s

=2

(72}

5]

=

4 6 8 10
Distance along path C (nm)

Broken
shells

Amorphous
carbon

Figure 2 Electron irradiation effects. a, TEM image of multiple-shell fracture for sample 4. b,c, Paths B (b) and C (c) were used to create intensity profiles on
either side of the fracture to identify the number of failed shells. d, TEM image of sample 6. e,f, Magnified images of boxes E and F in d.

loaded incrementally until failure; the failure regions were then
further analysed at high magnifications.

During loading, specimens were imaged using a 100 keV electron
beam to minimize the generation of defects, as suggested by earlier
work?’. Tests of irradiation effects were carried out by focusing the
TEM beam on the suspended portion of the tube, and then
increasing the beam voltage to 200 kV until the desired dosage
was administered. Tensile tests were conducted for three non-
irradiated tubes and for three tubes that received varying degrees
of irradiation. The geometry, failure load, failure stress, modulus
and other properties for these six samples are summarized in
Table 1. Note that the gauge lengths—that is, lengths between the
fixed points—have the values reported in Table 1. The modulus
was found by finite difference in the linear strain regime. Where
possible (samples 1-4), the fractured cross-sectional area was
defined by the measured diameters and the effective shell
thickness of 0.34 nm. At higher irradiation doses (samples 5 and
6) the shell structure could not be clearly identified, so the cross-
sectional area was estimated from the configuration of the failed
structure observed in the TEM images. Key features are
illustrated for a non-irradiated tube in Fig. 1 and for irradiated
tubes in Fig. 2. These images reveal one or more fractured outer
shells and an inner core that was not load bearing. Note that the
amorphous carbon accumulation shown in the images is
produced during post-fracture high-magnification TEM imaging
and is not present during the loading phase.
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Direct observation of the TEM image does not reveal the number
of failed shells, but this can be obtained using image-processing
techniques. Intensity profiles were taken along two paths, one
involving only the inner core and the other involving all shells.
These profiles had an improved signal-to-noise ratio that allowed
identification of individual shells with the peaks in each profile
(Fig. le,f and Fig. 2b,c). Fourier analysis of these curves provided a
value of 3.4 A for the mean inter-peak distance, which agrees with
values for the interlayer spacing of both multiwalled carbon
nanotubes and graphite®. In sample 1, for example, the intensity
profiles (Fig. lef) clearly show that only a single shell fractured
because there are 12 peaks in the profile of path E and 11 peaks in
the profile of path F; similar profiles for sample 4 (Fig. 2b,c)
indicate that exactly three shells failed.

For the non-irradiated samples, further analysis of the failed
nanotubes was possible using selected area diffraction. The
outermost shell dominates the diffraction patterns and this
permits determination of the chiral indices [u, v] from the
principal layer lines (the bright horizontal lines that appear in
the diffraction pattern due to the nanotube’s periodic structure)
using a procedure outlined previously®!. The diffraction pattern
of sample 1 is displayed in Fig. 1d. The intensity profile of the
first principal layer line, [}, resembles a Bessel function, the order
of which was used to determine the chiral index v. The profile
for sample 1 is shown in Fig. 1g. From the measurement, the
ratio of the distances between peaks, X,/X, = 1.47, gives v =28
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Figure 3 The behaviour of the nanotube samples. a, Normalized force versus strain for the six samples tested. The normalizing force F is the product of a
nominal failure stress of 100 GPa and the cross-sectional area of the outer shell (so it varies between samples). b, Stress versus strain for the same six samples.
¢, Stress—strain curves computed by four different theoretical methods, compared with the experimental measurements for sample 2 (black line). The density

functional theory (DFT) and PM3 results are from earlier work®.

according to values tabulated previously®!. The ratio of the chiral
indices in terms of the diffraction spacings is given by

Rt M

which specifies the value of u, given v, D, and D, (Fig. 1d). The
diameter of the nanotube was then computed from its indices
using the formula

D= 2.46AV 12 + V2 + uv
= .

(2)

The experimental results indicate that the outer shell of sample 1 is
a [184, 8] nanotube and the outer shell of sample 2 is a [200, 1]
nanotube; a determination was not possible for the third sample.

Normalized force—elongation and nominal stress—nominal
strain curves computed from the measured force—displacement
data are displayed in Fig. 3a,b, respectively. The initial unstressed
diameter was used to compute nominal stresses. For the three
non-irradiated samples, very similar stress—strain curves were
obtained, with single-shell failure observed in each case.

As a result of variations in the tested specimens’ length and
diameter, normalized loads and elongations were used for
comparing the performance of the six tubes (Fig. 3a). The load
was normalized by a force F,, defined as the product of the outer
shell cross-section and a nominal failure stress of 100 GPa.
Elongations were normalized by the original gauge length.

Figure 3¢ compares the stress—strain curve for sample 2, which is
nearly zigzag in chirality, to theoretical stress—strain curves for a
[10, 0] zigzag single-walled nanotube. The computed curves
include previously reported results’ using density functional
theory, the semi-empirical quantum-mechanical model PM3%2,
and the empirical second-generation modified Tersoff—Brenner
(MTB-G2) potential®**4, as well as new results using self-consistent
charge density functional-based (SCC-DFTB) tight binding®. The
modified Tersoff—Brenner displays a more compliant response
than the quantum mechanics models, which is particularly
noticeable at higher strains, but this method is sufficient for
semiquantitative ~ purposes. The agreement between the
experimental curve and each of the quantum mechanics methods
is very good, in particular in the case of PM3, with the most
noticeable difference arising in the failure strain, which can be
rationalized by the presence of small defects. PM3 calculations*
indicate that even a single vacancy defect is sufficient to reduce
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failure stresses in a [10, 0] tube from 124 to 101 GPa and to
reduce failure strains from ~20% to ~13%. Additionally, the
short tube lengths used in the defected tube quantum mechanics
calculations tend to slightly overestimate failure strains. Even the
most meticulous synthetic processes may be expected to produce
carbon nanotubes with an occasional vacancy defect. Thus, the
experimental measurements reported here are entirely consistent
with the maximum anticipated properties of carbon nanotubes
and the fracture strength is within ~20% of the ultimate strength
of hypothetical perfect tubes.

As seen in Fig. 3a,b, the stiffness and fracture characteristics of
the irradiated tubes changed radically due to an increase in the
number of failing shells. The sample with the lowest irradiation
dose (sample 4) fractured in a similar manner to sample I,
except that the three outermost shells failed simultaneously. The
higher irradiation doses used for samples 5 and 6 led to
approximately 18 and 52 shells, respectively, bearing load. As the
defect density is increased the modulus decreases, with that of
samples 5 and 6 being ~840 and ~590 GPa, respectively.
Additionally, the failure strain decreases to levels as low as ~6%
for the most heavily irradiated sample. Others®® have estimated
that the knock-on collision cross-sections for carbon nanotubes
irradiated at 200 keV vary from ~3 to 6 barns depending on the
incident angle. Using the median of these limits, the estimated
number of carbon-atom-knockout collisions in the outer shell
for samples 4, 5 and 6, are ~430 (0.0033 defects nm~2), ~1,500
(0.033 defectsnm™2) and  ~180,000  (0.60 defects nm™?2),
respectively. The inner core of sample 6 displayed considerable
amorphous character (although it is still clearly distinguishable
from the coating of purely amorphous carbon produced during
high-resolution imaging), whereas the inner cores of samples 4
and 5 retained strong carbon nanotube character. This suggests
that the irradiation dosage used in treating sample 6 was well
beyond that desired to achieve optimal load bearing.

The three irradiated samples displayed enhancements to their
maximum load by factors of ~2.4, ~7.9 and ~11.6, respectively,
compared to the expected load they would have borne if only their
outermost shell had been loaded. These enhancements are
particularly impressive given the number of defects introduced
during the irradiation process. Still further enhancements may be
possible by refining the impact energy used and the dosage delivered.

ATOMISTIC MODFIIING OF INTFRSHFI| | OAD TRANSFER

Because imaging intershell crosslinks is difficult, we pursued a
computational approach to gain further insight into the
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in the z-direction on the left (z= 0), and displacements are applied only to the outer shell on the right. This mimics the effect of loading only the outer shell, while
the inner shell is loaded through the crosslinks only. b, A top view of the crosslinking Frenkel pair defect in the dashed box in a.
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Figure 5 The effects of crosslinking defects on load transfer. a, The load fraction on the inner shell versus strain for a [5, 5]/[10, 10] double-walled nanotube
containing six Frenkel pair crosslinks (blue), six interstitial crosslinks (green) and six divacancy crosslinks (red). b, The load fraction on the inner shell versus strain
for a [5, 5]/[10, 10] nanotube containing different numbers of Frenkel pair crosslinks. ¢, The load fraction on the inner shell versus strain for a [10, 10]/[15, 15]
nanotube containing different numbers of Frenkel pair crosslinks. The dashed lines in all plots indicate the upper bound for the fraction of the load transferred to the

inner shell for that nanotube.

load-transfer mechanism. We used molecular mechanics with a
modified second-generation Tersoff—Brenner potential****—that is,
a reactive empirical bond order potential with the cutoff function
removed. A given irradiation dose will determine the defect
density (crosslinks) of a multiwalled nanotube based on exposure
time and beam energy?»¥. As shown in the experimental section,
by varying the degree of crosslinking, the mechanical properties
of the nanotubes can be tailored. A similar effect was observed
for the electrical properties of the nanotubes®®*°. Hence, by
understanding the effect of intershell crosslinking on the
mechanical properties of a multiwalled carbon nanotube, we
hope to gain insight into the irradiation dosages necessary to
tailor nanotubes to a specific application.

In investigating intershell load transfer, a computational model
was chosen consisting of a section of [5, 5] /[10, 10] double-walled
carbon nanotube, ~72.6 A long, aligned along the z-direction. The
model contained 1,800 atoms and is illustrated in Fig. 4. All atoms
for both the inner and outer shell located at z = 0 were held fixed in
the z-direction, but were free to move in the xy-plane, and at the
opposite end a displacement was applied only to the outer shell.
The application of constraints to both shells at the left end
facilitates the calculation of the load fraction borne by each shell.
Initially two defects were placed ~8 A from the loading end and
diametrically opposite to each other in order to keep the two
shells roughly concentric. Additional defects were added in pairs
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at roughly equal distances along the length of the tube to
simulate various irradiation doses.

Given that tubes of different diameters exhibit very similar
stress—strain behaviour, an upper bound for the load transfer to
the inner tube in a double-walled nanotube can be obtained by
modelling the system as two parallel springs, where each spring
stiffness is proportional to the tube radius. Thus, a [5, 5]/
[10, 10] double-walled nanotube would have an inner tube half
as stiff as the outer one and, consequently, compatibility and
equilibrium provides an upper bound for the fraction of the load
transferred to the inner tube of 1/3. Similarly, the fraction of
the load borne by the inner shell of a [10, 10]/[15, 15] double-
walled nanotube would have an upper bound of 0.4.

We first consider the effect of defect type on load transfer. Three
primary defect types were investigated: a bridging divacancy defect
(analogous to the V3(BB) graphitic defect!!), an interstitial defect
(that is, a carbon atom inserted between the shells) and a
nearest-neighbour Frenkel-pair defect; readers are referred to
reference 41 for detailed structural information. Computational
curves for these different defects crosslinking the shells of a
[5, 5]/110, 10] double-walled nanotube are shown in Fig. 5a for
the case of six crosslinks. The modified Tersoff—Brenner potential
predicts that divacancy and Frenkel pair defects transfer load
more efficiently than interstitials. The most striking observation,
however, is that relatively small numbers of any of the defect
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types considered here very effectively transfer load to the inner shell
even at high strain values.

We next consider the effect of defect numbers on the load
transfer. Figure 5b compares load transfer as a function of strain
for various numbers of Frenkel-pair defects in a [5, 5]/[10, 10]
nanotube and Fig. 5c considers such load transfers for a
[10, 10]/[15, 15] nanotube. At low defect numbers, we observe
sequential shear failure of the crosslinks until eventually only the
outer shell bears load. At intermediate defect numbers some
crosslinks fail, resulting in diminished but significant load
transfer that persists up to the failure strain. At defect numbers
that are roughly comparable to the number of bonds that would
be required to fracture the inner shell, we observe no bridging
defect failures and near-optimal load transfer values. At very low
strains the load transfer is less than at higher strains. This
presumably is due to the initially more compliant nature of the
bridging defects compared with the main body of the nanotube
shells. However, in longer tubes even a slight deviation between
the strain values of the various shells would lead to complete
fracture of many bridging bonds, so this effect is not expected on
the length-scales present in the current experiments.

The computations confirmed that intershell load transfer
improves with increasing defect numbers, as observed in the
experimental results. Given the weaker nature of the bonds in the
bridging defects as compared to the bond strengths in non-
defected regions of the nanotube shells, surprisingly few
crosslinks are necessary to achieve optimal load transfer.

CONCLUDING REMARKS

We have resolved a long-standing discrepancy between theory and
experiment by providing the first direct measurements for tensile
fracture strengths of multiwalled carbon nanotubes that are near
the ultimate strength estimates of quantum mechanics
calculations. These measurements are the first of their kind in the
sense that the number of fractured shells is obtained by direct
imaging, thus allowing unambiguous determination of the failure
cross-section. We have shown experimentally that electron
irradiation leads to multi-shell failure and concomitant dramatic
increases in sustainable loads while only modestly decreasing the
Young’s modulus and failure strains. Computational modelling
indicates that relatively small numbers of crosslinking defects lead
to near-optimal load transfer. These findings should be of
particular value in the scaling up of nanotubes to macroscale ropes
and fibres and in the design of electromechanical nanodevices.

Received 12 March 2008; accepted 30 June 2008; published 10 August 2008.
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