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Abstract

Theoretical calculations on undefected nanoscale materials pre-
dict impressive mechanical properties. In this review we summarize
the status of experimental efforts to directly measure the fracture
strengths of inorganic and carbon nanotubes and discuss possible
explanations for the deviations between the predicted and observed
values. We also summarize the role of theory in understanding the
molecular-level origin of these deviations. In particular, we consider
the role of defects such as vacancies, Stone-Wales defects, adatoms
and ad-dimers, chemical functionalization, and oxidative pitting.
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INTRODUCTION

Biological systems often make extensive use of hierarchical nanostructured architec-
tures to achieve high strength and toughness (1, 2). The development of scanning
probe microscopes in the early 1980s and the discovery of ultrastrong, synthesizable
nanoscale materials such as carbon nanotubes (CN'I5) (3) ignited intense interest
in the development and characterization of manmade nanostructures with properties
superior to conventional materials. One of the motivating factors is that the predicted
Young’s modulus and fracture-stress values for undefected nanotubes and nanorods
greatly exceed observed values for macroscopic structures constructed from the same
materials; this dramatic increase in strength is partially substantiated by the limited
experimental data now available. This suggests that substantial improvements in me-
chanical properties can be achieved if atomically perfect structures can be fabricated
on larger length scales. However, important questions arise as to whether perfection
can be or has been achieved even at the nanoscale for CN'Is and other structures.
"This review describes recent theory and experiments that have addressed this ques-
tion, with particular emphasis on factors that reduce the fracture stress of nanoscale
materials significantly below that predicted for perfect materials.

We largely confine our attention to CNTs and closely related nanotubes such
as those of boron nitride and tungsten disulfide. Many other interesting nanoscale
materials have attracted attention for their mechanical properties, but CNTs have
attracted particular attention owing to their availability, their accessibility to exper-
imental measurements at the single-tube level, and their accessibility to theoretical
study. There is an extensive literature on many other closely related materials that
we do not summarize, including scrolled exfoliated graphene sheets (4, 5), exfoli-
ated sheets of graphite oxide (6), ultrananocrystalline diamond (7, 8), various types
of nanowires and nanorods (9-11), and metal oxide nanocomposites (12). The study
of composites consisting of these materials in a polymer matrix is a subject of great
interestin its own right and indeed is likely the most straightforward vehicle by which
these nanomaterials will find their way into practical applications, but it is beyond
the scope of this review.

THEORETICAL METHODS

We describe the theoretical aspects of nanoscale fracture mechanics first, as these have
been extensively studied, and there is now a reasonable understanding of many of the
key issues that underlie the role of nanotube structure and defects on mechanical
properties. This discussion provides background for the rather confusing state of
experimental studies.

The need for detailed modeling of the mechanical properties of nanoscale mate-
rials has presented new challenges for theoreticians. For certain deformation modes,
such as the bending and buckling of nanotubes (13), continuum methods based on
the exponential Cauchy-Born rule (14, 15) provide reasonable results. However, in
the study of fracture and defect evolution at this length scale, atomistic simulations are
necessary, and quantum effects can be important. Theoretical simulation of fracture
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represents a particular challenge because it requires interaction potentials capable
of explicitly describing the breaking of chemical bonds. Quantum mechanical (QM)
electronic structure calculations provide a natural (and sometimes necessary) way of
treating bond fracture, but they remain limited to small systems because of their high
computational cost.

Density-functional theory (DFT) methods, with generalized gradient approxima-
tion functionals, provide the highest level of accuracy feasible for most QM studies;
however, computational effort has limited what can be readily studied to constrained
energy minimizations for systems with a few hundred atoms. Semiempirical meth-
ods, such as PM3 and AM]1, and tight-binding methods often provide a reasonable
compromise between accuracy and computational efficiency when larger system sizes
need to be considered; for instance, PM3 predicts CN'T Young’s modulus values to
within ~15%, and fracture stresses to within ~20% compared with DFT results
(16). Thus, although studies by these methods cannot provide results of high abso-
lute accuracy, they are useful for studying the consequences of various changes in
structure.

The use of multiscale methods employing molecular mechanical (MM) treatments
(e.g., QM/MM) can extend the sizes of feasible models, although their usefulness
depends on the suitability and accuracy of empirical potentials for the phenomena
studied. Indeed, many studies can only be done with empirical potentials, or with
empirical potentials coupled to continuum mechanics (17-19). Larger models are
essential in the study of defects because the distortion in the electronic structure
and the deformation field extend far beyond the immediate vicinity of the defect.
Application of periodic boundary or prescribed displacement boundary conditions in
the vicinity of a defect often leads to incorrect calculations of their effects.

Using the concepts of bond order in chemical systems originally explored by
Abell (20), Tersoff (21, 22) developed a methodology for creating empirical bond-
order potentials for modeling chemical reactions. Brenner and coworkers (23-25)
revised and extended these reactive empirical bond-order (REBO) potentials, and
their availability has enabled a vast number of calculations on carbon-based systems.

One serious limitation of these potentials in fracture studies is the use of cutoff
functions that restrict interactions to nearest neighbors. When cutoff functions are
activated atinteratomic distances thatare importantin describing the fracture process,
spuriously high bond forces are generated, leading to highly erroneous results. A
partial circumvention of this problem is available (26, 27) that generates reasonable
results for regimes in which new bond formation is not important, but inattention
to this complication continues to render many theoretical simulations unreliable.
Development of new reactive potentials (28-32) remains an area of active interest.

Nuances also exist at the QM level for the accurate treatment of CN'Ts, and
these complications are often underappreciated. One example concerns the Peierls
distortions (33, 34) observed for finite-sized CN'Ts. These lead to substantial bond
alternation effects and variations in reaction energies as a function of position along
the tube axis. For theoretical fracture studies, Peierls distortions can also lead to mul-
tiple fracture pathways (16). Another common complication involves the boundary
effects associated with the use of small QM subdomains in QM/MM calculations
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employing link-atom schemes. Because the bond order at the hydrogen-terminated
boundary has to be 1, the remaining two bonds need to have an average bond order

SWCNT: single-walled of 1.5 (a substantial deviation from the mean bond order of 4/3), and this affects the

carbon nanotube

MWCNT: multiwalled
carbon nanotube

bonding further inside the subdomain. This boundary effect can seriously alter the
properties of small QM subdomains; in some cases, this is so severe that higher-level
QM corrections with small subdomains in multilevel schemes can be worse than just
a single-level calculation with a lower-level theory. [See the work of Chen et al. (35)
for a careful study of this concern.]

Undefected Carbon Nanotubes

We begin this section by considering the structural and mechanical properties of
undefected CN'T5.

Structural properties. We may consider the body of a CNT as a rolled graphene
sheet. In particular, a chiral vector (3)

Ch =mna; +ma, = [n,m]; 0 =<|m| <n, ey

where 7 and m are integers, and a; and a, are the lattice vectors, defines the rolling
direction. The diameter is given by

i=1/C G = %\/7’12 + o + w2, Q)
b b

where dc— is the carbon-carbon bond distance. (In graphene this is ~1.42 A, but for
small-diameter CN'T% this tends to be closer to 1.44 A.) The chiral angle (i.e., the
angle between Cy, and ayy is defined by
Ch- 2
cosf = —2 o nEm . 3)
ICullail  2V/n2 + w2 + nm
Armchair tubes correspond to » = 2 (and thus have 6 = 30°), zigzag tubes corre-
spond to 7z = 0 (and thus have 6 = 0°), and chiral tubes correspond to cases where
0° <6 < 30°.
The ends of CNTs may be open, but more typically they are closed by caps. Such

caps involve a mixture of five- and six-membered rings; when regularly shaped, the
caps resemble a hemisphere of a fullerene and possess at least six isolated pentagons.
The five-membered rings of the end caps are substantially more reactive than the
CNT sidewalls; this allows the ends to be preferentially functionalized or even opened
so the tubes may serve as molecular containers. CNTs have been filled with a wide
variety of substances; such applications are too numerous to survey here, but as one
example of how readily this occurs we note that single-walled carbon nanotubes
(SWCNI5) placed in molten iodine (36) open at the ends and are filled by a pair of
helical chains of iodine atoms that span the length of the tube.

The first CNTs discovered (37), which were obtained by an arc-discharge vapor-
ization procedure, were multiwalled carbon nanotubes (MWCNTs); i.e., they con-
sisted of a number of concentric shells with a typical interlayer spacing of ~0.34 nm.
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Subsequently, synthetic methods employing catalytic metal particles were discov-
ered that produced SWCN'T; a vast number of such methods have been published,
but perhaps the first such process used to produce commercial quantities of prod-
uct was the high-pressure CO conversion (HiPCO) process of Nikolaev et al. (38).
Synthetic methods (39) that produce predominantly double-walled carbon nanotubes
(DWCNTT5) have also been developed; these tubes exhibit some improved properties
compared with SWCN'Ts, including greater thermal stability (40) and resistance to
oxidation (41). Most CNT syntheses yield tangled and disordered bundles or ropes
of tubes; however, some procedures have been presented that produce either aligned
bundles (39, 42, 43) or isolated (44) tubes.

Isolated SWCN'Ts with a diameter larger than ~60 A may exist in a cylindrical
shape, butitis energetically favorable for these tubes to collapse into ribbon structures
(45, 46). For SWCN'Ts with diameters between ~24 A and ~60 A, a ribbon structure
is possible but the cylindrical structure is energetically favorable, and for diameters
less than ~24 A, only the cylindrical structure is stable. For MWCN'Ts the diameter
range for which ribbon structures are stable is shifted to larger values, whereas bundles
of SWCNTs have stable ribbon structures for lower diameter values than observed
for isolated tubes (46).

Mechanical properties. Several QM calculations have been presented for the frac-
ture strength of pristine (undefected) CN'Ts (16, 47-50). The DFT results (16,
47) indicate that a [10, 0] tube has a failure stress of ~105 GPa at ~20% strain,
whereas a [5, 5] tube has a failure stress of ~110 GPa at ~30% strain. Lower-level
calculations (19) suggest that both the failure strains and failure stresses of chiral
tubes increase monotonically with the chiral angle 6 and are nearly independent
of diameter except at very small sizes. Calculated Young’s moduli tend to cluster
around 1.0 TPa, and reasonable estimates (51, 52) of the Poisson ratio cluster around
0.15.

Inorganic Nanotubes

Numerous inorganic variants of nanotubes have been prepared, with boron nitride
(BN) (53), tungsten disulfide (WS;) (54, 55), and molybdenum disulfide (MoS;) (56,
57) among those that have received considerable attention for their mechanical prop-
erties. BN nanotubes are structurally similar to CNTs, with the body consisting of
hexagons comprising alternating B and N atoms, except the curvature of the end caps
is believed (58) to be introduced via four- and eight-membered rings rather than the
five-membered rings observed in CN'Ts because odd-membered rings need to contain
relatively unfavorable B-B or N-N bonds instead of only B-N bonds. Indeed, these
two nanotubes are so similar that multiwalled nanotubes consisting of a mix of BN
and carbon shells have been produced (59); these are sometimes referred to as BCN
nanotubes. BN nanotubes may be synthesized directly or be produced by selectively
oxidizing the carbon layers of BCN nanotubes (60), or by a substitution reaction (61)
that transforms CN'T5 into BN nanotubes. Chen et al. (62) have recently proposed a
purification regimen for BN nanotubes.
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WS; nanotubes (the structure of various other AB; nanotubes such as MoS, and
SiO; is similar) involve tungsten atoms tetrahedrally bonded to four sulfur atoms;
when unrolled, a WS, nanotube yields a layered structure with a sheet of tungsten
atoms sandwiched between two sheets of sulfur atoms; the interlayer spacing in WS,
is ~0.615 nm. Seifert et al. (57) have modeled square-like and octahedral-like defects
that permit the formation of end caps in these materials.

BEYOND PERFECT STRUCTURES

The lowest energy defect in a CNT is the Stone-Wales (SW) defect (63), i.e., the
result of a 90° rotation of a C—C bond pair (referred to as an SW transformation) that
transforms four hexagon rings into two pentagons and two heptagons (often denoted
asa 5/7/7/5 defect). QM calculations (64, 65) have shown that an SW transformation
becomes energetically favorable above strains of ~5% in armchair CN'Ts and above
~12% in zigzag CNT5s (66). A subsequent SW transformation adjacent to an extant
SW defect may resultin the bifurcation of the SW defectinto two separated pentagon-
heptagon (5/7) pairs, and additional SW transformations cause these 5/7 defects to
migrate along the tube; such defect migration can change the chirality of the CNT
(64, 67). Splitting of SW defects has been shown to be energetically favorable for
low strains, whereas aggregation of SW defects is favorable at higher strains (68).
Hasimoto etal. (69) claim to have imaged directly anisolated 5/7 defectinan SWCNT
using a high-resolution transmission electron microscope (TEM).

Yakobson (67) has argued that aggregation of SW defects can be followed by a
ring-opening mechanism, leading to the nucleation of a crack and the ultimate failure
of the tube. Yakobson and coworkers (70-72) have on a number of occasions presented
primitive rate-theory estimates for CNT failure based on the assumption that once
SW defects begin to form at a reasonable rate, CNT failure by this aggregation
and cracking mechanism follows precipitously. SW transformations also occur in BN
nanotubes (73, 74), and Dumitrica & Yakobson (75) have proposed rate theories for
their fracture that are similar to those for CN'Ts. We note that in BN nanotubes the
final structure depends on the direction of an SW rotation, and the transformation
results in relatively unfavorable B-B and N-N bonds.

MD simulations of CNT fracture (76, 77), using REBO potentials and conducted
at very high temperatures (for reasons of computational efficiency), have displayed
substantial weakening resulting from stress-induced SW defects and have thus pro-
vided seeming support for this proposed failure mechanism. However, calculations
by Troya et al. (49) on CNTs displaying multiple, aggregated SW defects indicate
that, quantum mechanically, the bond between the pentagon rings of an SW defect is
stronger than a typical C—C bond, and failure instead proceeds via fracture of other
bonds within the pentagon and/or octagon rings—even when this requires fracturing
twice as many bonds. Failure stresses and strains were only modestly below those
observed for pristine tubes. Troya et al. (49) also showed that fracture studies with
REBO potentials erroneously predicted that the C—C bonds between pentagon rings
in SW defect aggregations were weak and led to fracture at substantially reduced
stresses and strains. Thus, the failure mechanisms observed in the MD simulations
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are partly an artifact of the inaccurate empirical potentials employed. The remarkable
strength of the bond connecting the two pentagons in an SW defect has not been
fully appreciated in other contexts; Bettinger (78) remarks that many studies on the
chemical reactivity of SW defect sites only focus on this bond, whereas the weaker
bonds are usually the most appropriate point of chemical attack.

The barriers to SW transformations (65) remain prohibitively high at strains well
above those at which the defect, and aggregation of extant defects, is energetically
favorable. Belytschko and coworkers (27, 50) have argued that CNT fracture, at
least at room temperatures, proceeds via brittle failure mechanisms. Ewels et al.
(79) and Jensen et al. (80) have discussed how carbon adatoms lower the barrier
to SW transformations by a factor of ~3-5 and point out that boron adatoms are
even more effective at this barrier lowering. This effect of adatoms may enhance the
rate of removal (a second SW transformation at the location of an extant SW defect
returns the tube to a pristine condition and is energetically favorable at low strains) or
bifurcation of SW defects during the synthesis and annealing steps. Orlikowski et al.
(81, 82) and Sternberg et al. (83) have considered reactions of ad-dimers to CNTs.
These can result in local expansion of the circumference of the tube or the addition of
isolated defects involving two 5/7 defect pairs oriented so that the pentagons share a
side (which can be denoted a 7/5/5/7 defect) and the heptagon rings are separated by
a C-C bond. Orlikowski et al. (81, 82) point out that subsequent separation of these
two dislocation pairs leads to a plastic deformation mode that is distinct from that
involving stress-induced SW transformations and that can lead to localized regions
of altered helicity.

Vacancy defects in graphene and CNTs have received considerable attention (16,
84-91). Such defects can be readily induced in graphitic materials by high-energy
electron irradiation (92) that can displace carbon atoms from the lattice. Such knock-
out events may also lead to interstitial defects (87, 88). Few-atom vacancy defects can
readily reconstruct by the formation of five-membered rings; one-atom vacancies
result in one pentagon ring and a dangling bond, whereas two-atom vacancies lead to
two pentagons and an octagon without any dangling bonds. Isolated CN'Ts subjected
to heavy irradiation can reorganize into smaller-diameter, albeit highly defective,
CNTs (85). Electron irradiation can also be used to weld CNT5, and in certain cases
it can cause two CN'T5 to coalesce (93). Kis et al. (88) have used electron irradiation
to create bridging defects in SWCNT bundles, resulting in a 30-fold increase in the
bending modulus and enhancement of other mechanical properties; irradiation might
also prove useful in increasing load transfer to inner shells in MWCN'Ts. Vacancy
defects have also been extensively studied in BN nanotubes (94, 95).

One- and two-atom vacancies were shown to reduce CNT fracture strength by
as much as 26% (16, 19). However, the most deleterious effect of vacancies might be
their tendency to serve as nucleation sites for oxidative pitting that can result in the
evolution of large holes (16, 19, 96-99). Other large-scale defects are also of potential
concern, including unremoved catalyst particles and cracks.

Chemical functionalization of CN'Ts may occur inadvertently during purification
processes and is intentionally used to improve solubility, and thereby aid in disper-
sal, or to enhance interactions with polymers when the tubes are intended for use as
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fiber reinforcements. Chemical functionalization (78, 100, 101) occurs preferentially
at end caps, defect sites, the edges of collapsed tubes [which provides a means for
pressure-induced functionalization (102)], and, in general, at any area subject to local
stress or distortion, thus providing opportunities for mechanically induced chemistry
(103) and diameter selectivity (104). Even the pristine sidewalls may be readily func-
tionalized under appropriate conditions, including acid and/or oxidation treatments
(105), gas-phase fluorination (106-108) (which has been shown to readily function-
alize CN'Ts with decoration densities approaching 50%), and plasma treatments to
achieve hydrogenation (109) or fluorination (110, 111). Extensive functionalization
may alter the mechanical properties of CN'Ts; however, it does not necessarily have
to dramatically alter the fracture strength: Fracture studies (D. Troya, S.L. Mielke &
G.C. Schatz, unpublished calculations) on fluorinated CNTs with coverages as high as
50% displayed fracture strength reductions of only ~25-50%, with the upper range
observed only when an entire line of sp*-sp® hybridized C-C bonds lies perpendicular
to the tube axis.

EXPERIMENTAL FRACTURE STUDIES

The mechanical properties of CN'Ts depend on both the synthetic scheme and the
purification procedures (112-116) used in their preparation because these influence
the types and concentrations of defects introduced, the presence of impurities, the
diameter distribution, the number of shells (for MWCNTs), and so on. After the initial
preparation, the reaction product may be contaminated by catalyst particles and by
amorphous carbon, undesired or defected nanoparticles, and soot. Most purification
schemes employ some form of oxidative-etching process to remove the bulk of the
soot and highly defected nanoparticles; an exception is the scheme of Vivekchand
et al. (117) that involves reduction with H,. It is usually necessary to remove any
catalyst particles—typically achieved via acid washes (these may need to be preceded
by a preliminary, mild, low-temperature oxidative etch to remove some of the soot
encrusting the catalyst particles)—prior to this oxidative etching, or the metal particles
will catalyze rapid oxidation of the desirable nanoparticles. Unfortunately, oxidative
etching can dramatically increase the size of small defects present in nearly perfect
specimens. For example, oxidative pitting of graphite (96-99) initiated at vacancy
defect sites and resulting in large roughly circular holes in the surface graphene sheet
has been well studied, and similar pitting will occur in CNTs. Annealing CNT5 at
high temperatures serves to remove some defects and provides enhanced stability
versus oxidation (118).

Sonication is often used to aid in the dispersal of CN'Ts; however, this results
in local hot spots (cavitation bubbles) that may result in enhanced susceptibility to
chemical attack and introduce new defects or enlarge pre-existing ones. For instance,
studies have shown that even dilute nitric acid can dramatically damage CN'Ts at
elevated temperatures (119).

Much of the early fracture work involved bundles of nanotubes, and we sum-
marize these first. In a few instances, experimental results for the fracture of iso-
lated MWCN'T5 are available, and we discuss these next. Perhaps the most generally
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desired measurement—the fracture strength of high-quality isolated SWCNTs—has
thus far proven elusive, but some initial, tentative studies of SWCNTs are being
conducted.

Fracture Studies of Carbon Nanotube Bundles

Wagner et al. (120) studied the fracture of arc-discharge synthesized MWCN'Ts
embedded in a polymer matrix film placed under tension. The matrix, which had a
modulus of 2 GPa, displayed a failure stress of 60 MPa, and the nanotubes embedded
perpendicular to the straining direction displayed multiple fractures. Using a simple
isostrain model, the authors estimated the fracture stress of the MWCNTs was ~55
GPa if they assumed the CNT’s modulus was 1.8 TPa; using a more up-to-date
modulus estimate of 1.0 TPa would yield a failure stress estimate of ~31 GPa.

Panetal. (121) studied the fracture of ropes of MWCN'Ts synthesized by pyrolysis
of acetylene over iron/silica substrates (42). Ten samples, with diameters ranging
from 10 to 50 um, were mounted in a stress-strain puller with epoxy glue and loaded
tensilely until failure. The mean values observed for the Young’s modulus and fracture
stress were 0.45 = 0.23 TPaand 1.72 + 0.64 GPa, respectively.

Walters etal. (122) reported fracture studies on four SWCN'T bundles synthesized
by the procedure of Thess et al. (123) and purified by the procedure of Rinzler et al.
(114). The bundles were pinned to opposites sides of a trench and prodded laterally
with an atomic force microscope (AFM) tip until failure occurred. The failure strains
were then estimated, based on the observed force on the AFM tip prior to failure, as
2.8 £ 04%,5.8 £ 0.9%, 1.2 & 0.2%, and 1.1 & 0.1%. Based on these measure-
ments, the authors suggested that a lower limit on the failure strain of an isolated
SWCNT was 5.8 £+ 0.9%.

Yu et al. (124) reported fracture studies on 15 SWCNT bundles, with diameters
ranging from 19 to 41 nm, produced by a laser ablation method and purified by the
procedure of Rinzler et al. (114). A tangled mass of SWCN'T bundles (referred to
as SWCNT paper) was torn so that a few isolated bundles projected out from the
tear edge. The authors placed this mass inside a scanning electron microscope (SEM)
and attached an AFM cantilever to one of the projecting ropes via an electron-beam-
induced deposition (EBID) process (125), and the bundle was then tensilely loaded
until failure. The observed failure stresses, assuming all tubes in the bundle were
uniformly loaded, ranged from 3 to 11 GPa, and the mean fracture strength was 6.7
GPa. In eight of the 15 tests, it was possible to measure the strain; in these, the failure
strains ranged from 1.1 to 5.3%, and the Young’s modulus (again assuming equal load
distribution) ranged from 140 to 280 GPa. If, instead, only the outer fringe of the
bundle was assumed to be load bearing, the reported fracture strengths ranged from
16 to 52 GPa, with a mean value of 30 GPa, and the reported Young’s moduli ranged
from 320 to 1470 GPa, with a mean value of 1000 GPa.

Li et al. (126) took aligned SWCNT bundles synthesized by catalytic hydrocar-
bon decomposition (127) and impregnated them with polyvinyl chloride to form a
composite. Six of these samples were then loaded to failure tensilely, and the fracture
strengths of the SWCN'T bundles were estimated from the fracture strengths of the
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composites based on the rule of mixtures. The estimated fracture strength of the
bundles ranged from 2.3 to 14.2 GPa, with a mean value of 7.5 GPa; assuming that
the volume fraction of SWCN'Ts within the bundles was 65%, the fracture strength
of isolated SWCN'Ts was estimated as ranging from 3.6 GPa to 22.2 GPa, with a
mean value of 11.5 GPa.

Cooper et al. (128) embedded SWCNT bundles in an epoxy resin film and
searched for samples in which the bundles spanned a void in the film. Three such
bundles (having diameters of 15.6, 16.2, and 11.5 nm) were fractured by lateral prod-
ding with an AFM tip, and the resulting failure stresses were determined to be
277 £ 50,42 £ 5, and 114 + 50 GPa, respectively. They applied similar pro-
cedures to a fourth SWCNT bundle and six embedded MWCNT5; all resulted in
pullout of the nanotube from the matrix, which allowed the authors to also measure
shear strengths for the nanotube-polymer interface.

Li et al. (129) reported eight measurements for the fracture of bundles of
DWCNTTs obtained by catalytic chemical vapor deposition (CVD) with a xylene
feedstock (39); these bundles are estimated to consist of more than 80% DWCN'Ts
(having a typical diameter of ~2 nm), with the remaining tubes being mainly single
or triple walled. Strands comprising large numbers of DWCNT bundles and having
diameters of ~3-15 pum were glued with epoxy onto a stress-strain puller and loaded
until failure. The strands failed at strains of 3.5%-13.2% (average 9.0%), and the
mean values of the observed Young’s moduli and failure stresses were 16 and 1.2 GPa,
respectively. Assuming that the bundles composed approximately 20% of the volume
of the strands, the authors estimated the moduli and failure stresses of the DWCN'Ts
bundles as 80 and 6 GPa, respectively.

Considerable recent effort has been directed toward producing macroscopic yarns
composed entirely of nanotubes (130-132). Ericson et al. (132) have reported yarns
of SWCN'Ts that have a Young’s modulus of 120 GPa and a tensile strength of 116
MPa, whereas Zhang et al. (131) have reported a tensile strength of 460 MPa for
yarns of MWCN'Ts.

Fracture Studies on Isolated Multiwalled Nanotubes

Yu et al. (133) conducted the first fracture study on isolated CNTs by measuring the
mechanical properties of 19 arc-discharge-grown (134) MWCN'Ts by tensile loading
between AFM cantilevers within an SEM. The tubes were fixed to the cantilevers
using an EBID process. The fracture strengths ranged from 11 to 63 GPa, with a
mean value of 28 GPa; Figure 14 shows a plot of the observed fracture strengths as
a function of the outer tube diameter. Strain data were available for four tubes, and
the strains at failure ranged from 2 to 13%, whereas the observed Young’s modulus
ranged from 0.27 to 0.95 TPa. Only the outer shell proved to be load bearing, and
after this layer fractured, the interior layers were pulled out in what has been termed
a sword-in-sheath failure mode (133, 135). After fracture, the tubes were examined
in a TEM, and some of the outer shells were observed to have collapsed into ribbons.

The modulus values reported by Yu etal. (133) are anomalously low compared with
the expected graphitic modulus of ~1 TPa. It has been speculated (27) that this may

Mielke o Belytschko o Schatz



Annu. Rev. Phys. Chem. 2007.58:185-209. Downloaded from arjournals.annualreviews.org
by NORTHWESTERN UNIVERSITY - Evanston Campus on 07/02/07. For personal use only.

70F a ] 70F .
[ ]
T 60f 1 S 60f ]
o o
S 5o} ] S sof ]
[ (7]
(7] ° 7]
g a0t o X2 ] ¢ aof f ]
7] o* N 7] ;
® 30} ] ® 30f ts3 ]
2 °° o 2
8 20f 9 e . ; 8 20 ; ]
- - [] ]
'8 ' s s
10} s . 10 . s ]
O 1 1 1 1 1 1 0 1 1 1 1 1 1
10 15 20 25 30 35 40 45 4 6 10 12 14 16 18 20
Diameter (nm) Diameter (nm)
300 T T T T T T 20 T T T T
c . d
—_ 250 r ] _ o m]
T . & 15f o ]
g 200 - R g s o
(7] (] o
(%] ° (7]
g < e
2 150 . R . B 2 10+ o b
[) . . o Opg
. oo B a
2 100f . o 2 o
[T ° e o ° [T}
o . S 5r ]
- s0f . 3t ] w o
0 1 1 1 1 1 1 O 1 1 1 1 1
20 40 60 80 100 120 140 160 10 15 20 25 30 35 40
Diameter (nm) Diameter (nm)
Figure 1

Distribution of fracture strengths versus the outer tube diameter for various nanotube fracture
experiments. (#) Multiwalled carbon nanotube (MWCNT) fracture experiment of Yu et al.
(133). (b)) MWCNTT fracture experiment of Ding et al. (139). () MWCNT fracture experiment
of Barber et al. (140). (d) WS, nanotube fracture experiment of Kaplin-Ashiri et al. (142).

have resulted from slippage of the CN'T5 at the cantilever tips; if this indeed occurred,
the modulus and failure-strain values must be regarded as only lower and upper
bounds, respectively, on the true values. However, the failure stress measurements
would not have been affected by this complication. The observed failure stresses,
although impressive, are still significantly below the peak strengths anticipated by
theory for pristine CN'Ts and display a large variance. Mielke et al. (16) suggested that
holes were introduced by the purification procedure (134) used on the tubes, which
involved oxidative etching in air at 650°C for 30 min, followed by acid baths and
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annealing. Theoretical calculations (16, 19) indicate that modest-sized and roughly
circular holes result in significant strength reductions sufficient to reproduce the
observed range of fracture strengths. Extensive oxidative pitting, sufficient to remove
~25% of the outer shell, would likely reduce the Young’s modulus to within the
experimentally observed range.

Demczyk etal. (136) reported the fracture of a single 12.5-nm diameter MWCNT
synthesized (137) by an arc-discharge method that resulted in boron doping of 1%-
5%. This tube, which contained an estimated 13 layers, was mounted on a tensile-
testing device contained within a TEM; adhesion between the tube and a gold surface
film held the tube fixed at both ends. Demczyk et al. (136) reported a modulus of
0.91 TPa, a failure strain of 5 + 2%, and a failure stress of 150 + 45 GPa under
the assumption that only the outer tube was load bearing. However, a failure stress
of this size is not consistent with the relatively low failure strain observed unless
there was significant interlayer load transfer. One possible explanation for this is that
bridging defects (87, 88) were introduced by irradiation from the high-energy TEM
imaging used to monitor the fracture. Another possibility is that the boron impurities
facilitated bridging between the concentric layers of the tube—boron interstitials
have induced welding of CNT5s in other circumstances (138).

Ding et al. (139) measured the fracture strength of 14 arc-discharge-grown
MWCNTs, using the same loading procedure as Yu et al. (133). To obtain a few
suitable tubes, the authors sonicated the unpurified MWCNT-containing product
in ethanol to separate some tubes from the soot; for nine measurements, the tubes
were sonicated for 12 h, whereas for the remaining five measurements, the tubes were
sonicated for only 10 s. The Young’s modulus measurements ranged from 620 + 85
to 1200 + 250 GPa, with a mean value of 955 GPa, and the stress-strain curves ap-
pear roughly linear, lacking the irregular steps of earlier experiments (124, 133). This
mean value for the modulus is in good agreement with the theoretical predictions
and is in marked contrast to the very low values of the earlier MWCNT fracture
experiment (133). The failure strains for the 14 tubes ranged from 1.0 + 0.2% to
6.3 £ 0.5%, with a mean of 2.6%; in all cases the tubes failed by a sword-in-sheath
mode. Only in four of the 14 instances did the failure strain exceed 3.0%. Yu et al.
(133) only reported failure-strain data for four tubes, but three of these were in excess
of 10%. The fracture stresses ranged from 10 £+ 0.8 GPa to 66 + 4 GPa with a
mean value of 24 GPa, a range comparable with the earlier Yu et al. (133) results.
Figure 15 gives a plot of the fracture strengths versus the outer tube diameter; the
data for tubes treated with long and short sonication times are given different colored
symbols.

The fracture strengths for the tubes sonicated for the short time interval are sig-
nificantly lower than those for the tubes sonicated for longer times. (The means are
15.6 and 28.9 GPa, respectively.) This observation is consistent with the expecta-
tion that extensive sonication enlarges existing defects and possibly even introduces
additional defects where none previously existed. However, it also suggests that soni-
cation may have the beneficial effect of completely fracturing tubes at the sites of very
large defects (thus, effectively removing some catastrophic defects) and that under
some conditions this effect is more significant than the weakening effect of enlarging
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defects without causing complete fracture. It would be interesting to explore further
what the optimal degree of sonication is.

Curiously, for two of the 14 fracture measurements of Ding et al. (139), the stress-
strain curve suddenly flattens out (i.e., the strain increases dramatically while the
stress remains roughly constant), thus suggesting that some form of plastic yielding
was observed. These transitions occurred at strains of 2.7% and 4.7 %, and extensions
were observed until beyond strains of 8% and 17%, respectively. The employed
loading scheme in this as well as the earlier Yu et al. (133) experiment involves tensile
loading at an approximately constant stress rate; consequently, during plastic failure
large (~5%) strain steps are taken, and such failure modes can easily be missed. For
the first tube in which this failure mode was observed, only a single additional strain
step was obtained; for the second such tube, only two additional steps were observed.
A plausible explanation for such a plastic failure mode is not readily apparent; for
instance, the observed onset strains are well below those at which SW transformations
become energetically favorable.

Barber et al. (140, 141) reported fracture measurements on 26 CVD-grown (43)
MWCNTs via tensile loading with cantilevers within an SEM in a procedure similar
to that used by Yu et al. (133), except the tubes were mounted to the cantilevers
with an epoxy glue rather than an EBID process. The outer diameters of these tubes
ranged from 66 to 157 nm—substantially larger than the arc-discharge MWCNTs
studied by Yu etal. (133) and Ding et al. (139). The fracture strengths were reported
to range from 17.4 to 259.7 GPa, with a mean value of 97 GPa; Figure 1¢ presents
a plot of the fracture strengths as a function of the tube diameter. This average
strength estimate is superficially in good agreement with the theoretically predicted
fracture strengths, but the one reported fracture strain of ~5% indicates that this
is the result of substantial load transfer to layers beneath the outer shell rather than
maximal extension of a single shell. Most of these tubes were reported to fracture with
a clean break (i.e., with all layers broken rather than via the sword-in-sheath failure
mechanism reported for arc-discharge-grown MWCN'T5). The authors point out that
the CVD-grown nanotubes possess highly irregular wall structures compared with
the arc-discharge-grown nanotubes, and suggest this makes it difficult for the outer
shells to slip past the inner ones, thus facilitating substantial load transfer between
layers.

Kaplan-Ashiri et al. (142) reported 16 fracture-strength measurements (see
Figure 1d) on multiwalled WS, nanotubes synthesized by the procedure of Tenne
etal. (54). The fracture strengths ranged from 3.8 to 16.3 GPa, with a mean value of
11.8 GPaj all tubes failed via a sword-in-sheath failure mode, suggesting that only the
outer layer is load bearing. In 10 of the 16 tests, strain data were available. The Young’s
modulus (based on a shell-thickness parameter of 6.2 A) measurements ranged from
82 to 218 GPa, with a mean value of 152 GPa, which can be compared with an earlier
experimental estimate of 172 GPa (143). The failure strains ranged from 5.0 to 14.0%
with a mean value of 9.6%.

Hong et al. (144) have reported a simple procedure for extracting inner shells
from small-diameter CVD-grown (145) MWCN'Ts. The process begins by placing
an isolated MWCNT on an SiO, substrate and prodding the tube laterally until
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fracture occurs and the inner shells begin to be extracted. As these inner shells extend
out onto the substrate, friction increases until a subsequent shell fracture occurs.
Interestingly, such fractures tend most often to involve pairs of shells, presumably
because the deformation of the tubes owing to contact with the surface significantly
increases the interactions between the two outermost shells. Occasionally a single
outer shell fractures, but in such cases a subsequent fracture occurs after only modest
further extrusion, suggesting that frictional forces between an MWCN'T and a single
shell in contact with the substrate are substantially higher than if the MWCNT was
separated from the surface by a double shell. It would be interesting to use this process
to shuck the outermost layers—which presumably are most subject to purification-
induced defects—prior to mechanical measurements on MWCNTs.

SINGLE-WALLED CARBON NANOTUBE EXPERIMENT'S

SWCN'Ts have been created in situ within a TEM by the irradiation of an amorphous
carbon film (146). Irradiation of a film containing two closely spaced holes resulted
in progressive widening of the holes and the transformation of the intervening wall
initially into a carbon fiber and subsequently into an SWCN'T. Further irradiation
caused the coalesced hole to widen still further, thus placing the straddling SWCNT
under tension. Eventually, the nanotube underwent substantial necking—down to a
diameter of ~0.3 nm, which the authors suggest corresponds to a [4,0] CNT. Ajayan
et al. (85) have modeled the reconstruction of SWCNTTs under irradiation, and they
observed facile diameter changes in the simulation. The irradiated 0.3-nm diameter
nanotube elongated by as much as 50% before it transformed into a single chain of
carbon atoms and eventually fractured completely. Yakobson etal. (147) have observed
the formation of such carbon strings in high-strain-rate MD simulations of nanotube
fracture.

Bozovic et al. (148) have reported that local plastic deformation of SWCNTs
may be achieved by lateral prodding of clamped nanotubes laid on an SiO, surface
by conductive AFM tips having applied voltages of ~10 V. In particular, permanent
deformations corresponding to ~30% local strains were induced in tubes that were
globally strained to less than 1% by the action of the AFM tip.

Huang et al. (149) have reported the in situ creation of SWCNTs by the electrical
breakdown of MWCN'Ts inside a TEM equipped with a piezo manipulator that was
then used to tensilely strain the SWCN'TS to failure. These authors indicate that at
room temperature, such SWCNTs typically fail at strains of less than 15%, butifa bias
voltage of 2.3 V is applied to an SWCNT—which is sufficient to raise a tube’s tem-
perature to above 2000°C—the tube undergoes superplastic deformation to strains of
~280% while undergoing a 15-fold reduction in diameter (from ~12 nm to 0.8 nm).
At such elevated temperatures, bifurcation of SW defects and 7/5/5/7 defects into
isolated pairs of 5/7 defects (64, 67, 68, 81, 82) or double vacancies into isolated pairs
of single vacancies (85) and other such processes can rapidly transform SWCNTs
into lower-diameter tubes. Apparently, at very high temperatures, such processes
are sufficiently fast that these reorganizations occur before substantial stresses
can be applied—at least at the strain rates employed in the experiment. At these
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temperatures, the tubes may also be expected to undergo a considerable reduction
in mass, as small carbon clusters, especially dimers, are ejected from the tube (79);
such mass loss likely contributes significantly to the plasticity of the failure mecha-
nisms. These results also suggest that nanotubes, either single- or multiwalled, may
be electrically annealed and thereby healed of large defects.

DISCUSSION

Reported stiffness and strength values of CN'T bundles typically lie well below the
values predicted (or observed) for isolated nanotubes. In part, this results from the
relatively weak nonbonded interactions between the tubes within a bundle, which
limit load transfer to the interior tubes. By modeling the load as being distributed only
on the exterior of the bundle, Yu et al. (124) obtained a seemingly reasonable Young’s
modulus value of 1.00 TPa. However, a close examination of their stress-strain curves
(see figure 2 of their paper) shows curves characterized by intermingled stretching
steps with two distinct stiffness constants: one of ~2 TPa and the second of 0.3 TPa
(calculated under the assumption that only the outer tubes are load bearing). All four
of the bundles with reported failure strains greater than 2.1% include significant strain
steps at this lower effective stiffness; the bundle with the highest reported failure strain
(5.3%) has a stress-strain curve characterized entirely by this effective stiffness. This
suggests there is significant load transfer into the interior of the bundle, but at various
times slippage occurs perhaps at the EBID attachment to the cantilever, between the
bundle and the rest of the tangled fibers in the SWCNTT paper, within the bundle,
or some combination thereof. The presence of this and other complications makes
it difficult to extract unambiguous conclusions about properties of individual tubes
from any of the fracture experiments involving bundles.

Interestingly, the as-grown bundles typically show better mechanical properties
than the fabricated CN'T yarns; presumably this partly results from a larger diameter
in the yarns and increased defects introduced in the spinning process. Irradiation to
introduce intertube bridging defects (88) may result in improvement of the tensile
strength, as Kis et al. (88) observed for shear properties.

Early enthusiasm for plastic failure mechanisms for CNT fracture was fueled in
part by the similarity of initial reports of failure-strain measurements of 5%—6% (122,
124) to the strain at which the stress-induced formation of SW defects is believed
to become energetically favorable (~5%). Such failure mechanisms are undoubtedly
important when the CNTs undergo intense irradiation or heating (146, 148, 149);
however, strong evidence for plastic failure from SW transformations in any of the ex-
periments conducted at room temperature is lacking. Indeed, nearly all the MWCNT
fracture events occurred at failure strains well below those at which SW transforma-
tions are energetically favorable (much less kinetically likely). Instead, brittle failure
resulting from large defects is sufficient to explain most of the experimental results,
although two fracture events reported by Ding et al. (139) seem to involve plastic
failure at surprisingly low failure strains and therefore remain difficult to rationalize.
The preliminary results of Huang et al. (149) showing annealed, room-temperature
SWCNTTs fracturing at ~15% strains, albeit without fracture-stress measurements,
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suggest that direct strength measurements of SWCN'Ts demonstrating strengths that
are a substantial fraction of the theoretical peak values may soon become possible.

In comparing the WS, nanotube measurements with analogous data for
MWCN'Ts, one notes that these tubes tend to fail at much larger strains, and the
observed distribution of failure stresses is much more uniform. WS, nanotubes are
less sensitive to oxidation than CNT5, and they do not have an obvious analog of
an SW transformation; thus, the excellent properties observed likely result from a
lower propensity for defects. The fracture strength of BN nanotubes has thus far not
been directly measured experimentally; however, theoretical calculations suggest that
their mechanical properties are similar to those of CNTs, whereas the tubes seem to
be less sensitive to oxidation. Thus, BN nanotubes may ultimately provide a more
convenient source of high-strength fiber reinforcements than CN'Ts.

Researchers are making rapid progress in both the direct high-resolution imaging
(69) of defects and in other characterization approaches (150). Therefore, our under-
standing of the types and concentrations of defects that occur in nanoscale materials,
the situations under which they arise, and their role in limiting fracture strength is
likely to improve considerably in the near future.

SUMMARY POINTS
1. Small defects such as vacancies and SW defects reduce CNT fracture

strength only modestly.

2. Relatively large defects seem to be present in all of the nanotube materials
for which fracture studies have been conducted.

3. Purification schemes, especially oxidative etching, can significantly degrade
the fracture strength of CNTs.

4. Irradiation-induced defects may provide a route to increasing the load trans-
fer in CNT5.
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