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Thin boron nitride nanotubes with exceptionally high
strength and toughness†

Yang Huang,*ab Jing Lin,c Jin Zou,*bd Ming-Sheng Wang,a Konstantin Faerstein,e

Chengchun Tang,c Yoshio Bandoa and Dmitri Golberg*a

Bending manipulation and direct force measurements of ultrathin boron nitride nanotubes (BNNTs) were

performed inside a transmission electron microscope. Our results demonstrate an obvious transition in

mechanics of BNNTs when the external diameters of nanotubes are in the range of 10 nm or less.

During in situ transmission electron microscopy bending tests, characteristic “hollow” ripple-like

structures formed in the bent ultrathin BNNTs with diameters of sub-10 nm. This peculiar buckling/

bending mode makes the ultrathin BNNTs hold very high post-buckling loads which significantly exceed

their initial buckling forces. Exceptional compressive/bending strength as high as �1210 MPa was

observed. Moreover, the analysis of reversible bending force curves of such ultrathin nanotubes

indicates that they may store/adsorb strain energy at a density of �400 � 106 J m�3. Such nanotubes

are thus very promising for strengthening and toughening of structural ceramics and may find potential

applications as effective energy-absorbing materials like armor.
Introduction

One-dimensional nanomaterials (1D), such as nanowires and
nanotubes, have attracted signicant attention due to their
potential applications in mechanical systems, including atomic
force microscope (AFM) tips, electromechanical components
and resilient composites.1,2 Manipulation and technological
exploitation of these structures require detailed understanding
of individual nanostructures. Boron nitride nanotubes (BNNTs)
–oneof themost intriguingnon-carbon 1Dnanomaterials –hold
superb physical and chemical properties, e.g. deep ultraviolet
light emission property, excellent thermal conductivity, superb
thermal stability and high resistance to oxidation.3–9 Theoretical
studies indicate that themechanical stiffness of BNNTs can even
rival that of carbon nanotubes (CNTs).10,11Owing to their unique
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characteristics, BNNTs are highly promising for use in compos-
ites and nanoscale optoelectronic devices working in harsh
environments and at extreme temperatures.12

Until now, several experimental techniques have been
developed for the mechanical characterization of individual
BNNTs. Zettl's group studied the elastic properties of an indi-
vidual cantilevered multi-walled BNNT by measuring the
thermal vibration amplitude using a transmission electron
microscope (TEM),13 from which the Young's modulus of the
BNNT was found to be 1.22 � 0.24 TPa, a value comparable to
that of multi-walled CNTs. Yu et al.14 measured the elastic
modulus of BNNTs using the electric-eld-induced resonance
method, also using a TEM. Individual BNNTs with external
diameters in the range of 34 to 94 nm displayed no strong
variations in the elastic modulus, yielding an average value of
722 GPa. Later, Golberg et al.15 developed a direct force
measurement approach to study the mechanical properties of
individual BNNTs with diameters of 40–100 nm (synthesized by
a CVD method using boron and metal oxide as the reactants
(BOCVD)16) by virtue of an integrated TEM-AFM nano-force
probing system. Through monitoring a force-deformation
process for individual BNNTs during compressive bending/
buckling (up to the bifurcation points) the Young's modulus of
nanotubes was determined to be 0.5–0.6 TPa. Although the
measurements conrmed the high stiffness of such tubes, the
momentary formation of a heavily deformed kink and a sudden
force drop during the compressive buckling imply that the
toughness of such rather thick BNNTs is really poor.16–18

Numerous studies have shown that the “effective” elasticity,
strength, and plasticity of materials depend strongly upon their
This journal is ª The Royal Society of Chemistry 2013
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detailed structure and chemistry. The size, shape, and “surface
effects” (e.g. surface stress, roughness, and defects) of a material
can signicantly inuence its mechanical properties, particu-
larly when the nanometer dimensions become involved.19 A
close relationship between the structure and mechanical
properties also exists in 1D tubular materials.20 The BNNT
mechanical response could be improved by ne controlling/
downsizing the tube diameters below 10 nm. Previous studies
indicate that with decreasing the tube diameter, the cross-
sections of BNNTs might change from characteristic polygons
to nearly round shapes, and the bond angles might deviate
more severely beyond the ideal sp2 conguration, and introduce
sp3 character bonding.15,21,22 Thus the BNNTs with reduced
diameters are expected to exhibit distinct mechanics.23

However, to date, the mechanical behavior of ultrathin BNNTs
has basically remained unknown because most of the experi-
mental evaluations were conducted on thick BNNTs (with
relatively large diameters, ca. >10 nm). Such a situation partially
results from the technical difficulties involved in testing of such
tiny objects and partially due to the lack of ideal specimens.24

Very recently, we have demonstrated the large-scale prepara-
tion of BNNTs with diameters of sub-10 nm based on amodied
BOCVD method,25 in which a large amount of pure and thin
(down to only 2-layers) BNNTs with high aspect ratios can be
fabricated. In this study, we report the direct force measure-
ments on such BNNTs and elucidate their bending properties.
Our results demonstrate an obvious transition in mechanics of
BNNTs when their diameter falls in the range of 10 nm or less.
Such nanotubes were found to be not only stiff but also tough,
possessing extremely enhanced post-buckling strength.
Experimental section
Synthesis and characterization of ultrathin BNNTs

The BNNTs were synthesized in a vertical induction furnace
consisting of a fused quartz tube and an induction-heated
cylindrical BN reaction chamber.25 A small BN crucible, con-
taining a mixture of Li2O and B powders with a molar ratio of
1 : 1, was placed at the bottom of the BN reaction chamber.
Aer evacuation of the quartz tube to �2 � 10�1 Torr, a pure Ar
ow (300 sccm) was introduced into the chamber. Aer the
furnace was heated to �1100 �C, pure NH3 gas with a ow rate
of 200 sccm was introduced. The temperature of the BN crucible
was then rapidly elevated and stabilized at �1350 �C, and kept
constant for 3 h. The B and BOx vapours generated during the
reaction meet with NH3 near the orice and promote the
synthesis of BN nanotubes. The grown products were directly
dispersed in ethanol, dropped on a copper grid covered with a
holey carbon lm and analyzed using a high-resolution eld-
emission transmission electron microscope (TEM, JEOL, JEM-
3000F) equipped with an electron energy loss spectrometer
(EELS).
Fig. 1 (a) Low-magnification TEM image of ultrathin BNNTs product of high
yield and purity. (b) Enlarged TEM images. (Inset) Histograms of the diameter
distributions based on the statistics of randomly selected 90 isolated BNNTs. (c)
HRTEM image of an individual four-walled BNNT. (d) TEM image of a BNNT with
open tip-end. (e and f) TEM images of BNNTs with nearly round cross-sections.
In situ TEM mechanical tests

The direct bending force measurements on individual nano-
tubes were performed using a single-tilt side-entry AFM-TEM
This journal is ª The Royal Society of Chemistry 2013
stage equipped with a microelectromechanical system force
sensor (Nanofactory Instruments AB) using a 300 kV eld-
emission TEM (JEOL JEM-3100FEF) with a 2k � 2k slow-scan
charge coupled device (CCD) camera (for imaging and real time
video-recording). To choose suitable individual BNNTs for
in situ TEMmechanical tests, BNNTs were rstly mounted on an
Al wire substrate by physically dipping the wire into the BNNT
powders. The Al wire substrate was then xed onto the AFM-
TEM stage. Before the mechanical tests, the parameters of the
AFM force sensor were calibrated by pushing the Al wire tip
against the cantilever. The sensitivity and associated uncer-
tainty of the force sensor was of the order of �5 nN.17 During
bending experiments, the carefully selected individual BNNTs,
orientated nearly perpendicular to the cantilever and the Al wire
substrate, were brought close to and eventually brought into
contact with the Si AFM cantilever. Then the compressive
bending tests were performed by further moving forward the Al
substrate. The force–displacement curves were synchronically
recorded and the bending processes were video-recorded in
real-time using a TV-rate charge-coupled device (CCD) camera.
Results and discussion

Fig. 1a shows a bright-eld TEM image of the synthesized
products and shows that abundant nanotubes with high aspect
ratios have been synthesized with a high purity. Fig. 1b is an
enlarged TEM image and illustrates that the synthesized
nanotubes are very thin. The inset is a histogram of the external
diameter of the synthesized nanotubes, indicating that the
majority of the nanotubes have their external diameters at
5–6 nm with many of the others having their external diameters
less than 10 nm. High-resolution TEM (HRTEM) indicates that
Nanoscale, 2013, 5, 4840–4846 | 4841
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the synthesized nanotubes are well-organized multi-walled
structures with only a few layers. A typical BNNT with four walls
is shown in Fig. 1c. The inter-wall spacing of the thin nanotube
looks slightly larger than those of very thick BN tubes as well as
the interlayer spacing in bulk hexagonal BN (h-BN).26,27 HRTEM
studies also reveal that most of the synthesized nanotubes have
open tip-ends, as shown in Fig. 1d–f. Since some nanotubes
were orientated in parallel to the electron beam, the lateral
morphology of the thin nanotubes could be directly imaged
(Fig. 1e and f). These thin nanotubes demonstrate circular
cross-sections, instead of polygon-like cross-sections oen
found in the thick multi-walled BNNTs.15,27

Since the mechanical properties of any nanomaterial are
sensitive to their structures and morphology, it is anticipated
that our thin BNNTs should exhibit distinct mechanical prop-
erties when compared with previously reported multi-walled
BNNTs with polygon-like cross-sections.16 In this regard, we
carried out direct bending measurements on these thin BNNTs
using the AFM-TEM stage. Based on the histogram shown in the
inset of Fig. 1b, BNNTs with different diameters were synthe-
sized, which provided us an opportunity to study the inuence
of tube diameter on the mechanical properties. Fig. 2a shows a
straight BNNT with an external diameter of 13.5 nm clipped
between the Al wire substrate and the AFM tip. When the
substrate moves toward the cantilever, a compressive stress is
applied to the nanotube. Once the loading force increases to a
certain point, buckling/kinking of the nanotube takes place, as
illustrated in Fig. 2b. Fig. 2c is an enlarged TEM image and
clearly shows a localized sharp kink formed in the bent nano-
tube. The BN layers in the compressed side of the kink are
heavily deformed, deviating from a perfect layer-by-layer stack-
ing characteristic of the original BNNT. Particularly, the sharp
kinking pattern (marked by an arrow) manifests the full exis-
tence of dislocation-like defects, e.g. pentagonal and heptagonal
Fig. 2 (a–c) TEM images of a relatively thick BNNTwith an external diameter of�13
enlarged TEM image (c) shows heavily deformed BN layers formed at the kink. (d and
of �9.5 nm used for the bending test. The enlarged TEM image (f) shows the three

4842 | Nanoscale, 2013, 5, 4840–4846
rings in the layers. Similar behavior was also observed in multi-
walled BNNTs with the external diameters of 40–100 nm.15,18 In
contrast, for the case of BNNTs with external diameters <10 nm,
distinct buckled structures and bending behaviors were
observed and an example is shown in Fig. 2d–f. Fig. 2d is a
typical TEM image of a thin nanotube with an external diameter
of �9.5 nm. When compressed, although the nanotube is also
buckled (refer to Fig. 2e), the HRTEM image (Fig. 2f) suggests
that a unique continuous ripple-like morphology forms in the
compressed side of the nanotube. This morphology can be
regarded as a three-ripple complex (marked by arrows in
Fig. 2f). Compared with the BN layers in thicker nanotubes
deformed into sharp kinks (refer to Fig. 2c), BN layers in thin
nanotubes bend or deform in a comparatively mild manner,
because the strain is evenly distributed between multiple
ripples. As a result, the thin BNNTs can have higher tolerance to
bending deformation without bond breaking or switching.

In BNNTs with even thinner diameters, the developed ripple-
like structures appear to be more common and the ripples can
spreadover longerdistances along abentnanotube, resulting ina
uniform arcmorphology. Fig. 3a and b show such an example, in
which a BNNT with external diameter of 5.1 nm is shown, before
and during the compressive bending, respectively. The bent
nanotube in Fig. 3b shows arcmorphology between the substrate
and the cantilever due to the formation of multiple-ripples. The
ripple-like structures were also frequently observed in bent thin
nanotubes during the normal TEM observations. Fig. 3c shows a
BNNT with a diameter of�8.9 nm, which contains 9 ripples. The
bent BNNThas arcmorphologywith a bending radius of�45nm,
indicating the exibility of the ultrathin nanotubes.

It should be noted that the ripple-like structures were also
reported in bent multi-walled CNTs (MWCNTs).28–32 However,
the ripple characteristic observed in MWCNTs seems distinct
from that observed in thin BNNTs. In the case of MWCNTs, the
.5 nm used for the in situ bending test: the starting (a) and the bent (b) states, the
e) TEM images of a representative relatively thin BNNTwith an external diameter
-ripple-structure in the bent nanotube.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a and b) TEM images of a BNNT with an external diameter of only
�5.1 nm used for the in situ bending test under the compression load, uniform
arc-like tube forms due to the prolonged ripple-like structure within the bent; (c)
TEM and (inset) HRTEM images of a long rippled structure in another thin tube
(external diameter � 8.9 nm) with a very small bending radius of �45 nm.

Fig. 4 (a) Force measurements under bending of a relatively thick BNNTwith an
external diameter of �13.5 nm: (left) force–displacement curve; (right) HRTEM
image of the BNNT. (b and c) Force measurements under bending of typical
BNNTs with diameters of sub-10 nm: (b) force–displacement curve (left) of a BNNT
with an external diameter of �9.5 nm and the corresponding HRTEM image
(right); (c) force–displacement curve (left) of an ultrathin BNNT with an external
diameter of �5 nm and the corresponding HRTEM image (right).
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ripple-like structures are commonly found in the thick nano-
tubes, of which the walls consist of tens of cylinder shells and
the inner diameters are much smaller than the thicknesses of
the walls; MWCNTs with large inner diameters typically form
localized sharp kinks when subject to bending.33 In addition, at
the buckled segments, the diameters of inner tubes of MWCNTs
oen show signicant reduction due to attening, with the
inner shells' distance approaching 0.35 nm, reaching the limi-
tation where the van der Waals force becomes strongly repul-
sive.28 In contrast, in the case of our ultrathin BNNTs, the
buckled inner shells do not necessarily approach layers on the
opposite stretched side during the formation of multiple-
ripples. The buckled nanotubes oen preserve a continuous
hollow structure, as depicted in Fig. 2f and 3c. We presume that
such a difference results from the partially ionic character of B–
N bonds, which leads to strong so-called “lip–lip” interactions
(i.e. interlayer coupling) between adjacent layers. As a result, a
BNNT wall constructed of multi-layers behaves as quasi-
continuum matter. That is distinct from MWCNTs, where each
tube layer can slide easily one upon another when a deforma-
tion takes place.34,35 The capability of keeping hollow tubes
during the compression-induced bending indicates that the
present thin BNNTs can possess higher bending stiffness than
CNTs of similar geometry.
This journal is ª The Royal Society of Chemistry 2013
The above analysis indicates that the BNNTs with various
diameters show different buckling/bending modes, which can
also be reected in their force–displacement (F–d) curves.
Fig. 4a–c show the forward F–d curves measured for the above-
mentioned BNNTs with external diameters of �13.5 nm, �9.5
nm and �5.1 nm, respectively. These curves conrm a
mechanical response transformation within this diameter
range.

In the case of a relatively thick BNNT (refer to the BNNT
shown in Fig. 2a–c), with increasing the displacement, the
measured force increases near linearly to a maximum value
(Fmax) of 42 nN, then declines quickly with a force drop of more
than 50% and nally remains at a stable value (�20 nN) with
minor variations. It has been suggested that for a long straight
column subjected to the compressive stress, the critical load
(Fcr), which causes the column to fail by buckling, can be esti-
mated by the Euler formula Fcr¼ p2EI/L2, where E is the Young's
modulus, I is the moment of inertia: I ¼ p(d2

4 � d1
4)/64, where

d2 and d1 are the external and internal diameters of the nano-
tube, respectively, and L is the tube length between two
contacts.1,15 Based on the commonly used Young's modulus of
the thin BNNT of �0.8 TPa,14 the critical load of the nanotube
Nanoscale, 2013, 5, 4840–4846 | 4843
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Fig. 5 (a) Reversible bending deformation of an ultrathin BNNTand (b) forward–
backward force–displacement curves.
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can be estimated to be �46 nN. We note that this value agrees
well with the maximum axial load (a-Fmax), which can be
calculated using a-Fmax ¼ Fmax/cos q. Since angle q between the
tube axis and the trace of cantilever deection is small, a-Fmaxz
Fmax.36,37 This indicates that the tested BNNT indeed loses its
load-carrying capacity at the moment of Euler buckling. The
sudden drop in loading force results from a structural failure of
the BNNT. Similar phenomena were also observed in the BNNTs
prepared via the BOCVD method,15,18 although in that case the
force dropped more abruptly. Fast propagation of defects in a
localized kink is believed to cause sudden stress release in such
BNNTs. This process is accompanied by breakage of numerous
B–N bonds, distortion and instantaneous rearrangement. Using
the diameter measured under HRTEM, the axial compressive/
bending strength (s ¼ (Fmax/cos q)/S, where S is the area of the
tube cross-section) can be determined to be �300 MPa.

The F–d curves measured for the thinner BNNT (refer to the
BNNT shown in Fig. 2d–f) also show that the measured force
declines aer a maximum of �52 nN is reached. The force
nally stabilizes at �45 nN; the overall force loss is about 10%.
Another feature is that the force curve apparently deviates
from the linearity before reaching the maximum. Using the
Euler formula and the Young's modulus of �0.8 TPa for the
BNNT, we estimate that the present thinner BNNT should be
buckled under a critical load (Fcr) of �12 nN. This value is
much smaller than the estimated a-Fmax of �55 nN. Appar-
ently, the thinner BNNT holds very high post-buckling force,
signicantly in excess of its initial buckling load (more than 4
times),38 indicating that the thinner BNNT can have greatly
enhanced axial carrying capacity. We attribute the strength-
ening in the thinner BNNTs to the formation of the unique
ripple-like structures. When the applied load increases beyond
the critical load, thin BNNTs buckle. Continuous compression
makes the nanotubes deviate from their original straight
conguration, while the ripples allow such deviations to take
place though numerous B–N bond stretching/bending without
breakage. As a result, the force increases nonlinearly. Once the
force exceeds Fmax, the accumulated stress causes partial B–N
bond breaking at certain ripples and in turn leads to a slight
force decrease. At this point, the nanotube still retains a nearly
straight geometry, as evidenced by video-recording (see ESI,
Fig. S1†) and a negligible compressive displacement (�18 nm)
compared to the entire length (�500 nm) of the nanotube.
This is consistent with TEM results that thin BNNTs tend to
form “hollow” ripple-structures. The buckling/bending mode
involving a following-up strengthening process and charac-
teristically high Fmax values implies that the ultrathin BNNTs
possess both superb toughness and stiffness. In fact, the
present thinner nanotube holds an exceptionally high
compressive/bending strength of �880 MPa.

For the thinnest nanotube (d2 ¼ �5 nm, refer to the BNNT
shown in Fig. 3a and b), no notable force drop was detected
during the entire bending process. The measured force
increases quickly within the initial displacement, up to
�20 nm, and then increases gradually, approaching the
maximum of �30 nN. Herein, the maximum axial load (a-Fmax

z Fmax/cos q, as the nanotube is still nearly straight at this
4844 | Nanoscale, 2013, 5, 4840–4846
moment) on the nanotube is also much higher (>6 times) than
the critical buckling load (�5 nN) estimated using the Euler
formula, and points at the super-high axial compressive/
bending strength of �1210 MPa. Similarly, the continuous
force increase is attributed here to the formation of long
ripple-like structure with only trace amounts of B–N bonds
broken. The results of force measurements on the BNNTs of
different diameters show that post-buckling strengthening is
common and peculiar to ultrathin BNNTs, but rare in
comparatively thick BNNTs (see ESI, Fig. S2†). Therefore, we
can conclude that the ultrathin BNNTs with diameters of less
than 10 nm can be not only stiff but also tough, possessing a
very high ultimate bending strength.

The structural reversibility under bending of BNNTs and/or
CNTs has been widely studied previously as evidence of their
excellent exibility.15,20 In our experiments, the BNNTs were
bent to more than 70�. Once the load was removed, the
nanotubes could completely restore their original shapes
(Fig. 5a and ESI, Fig. S1†). We thoroughly analyzed the recovery
process via measuring the forward–backward F–d curves of the
ultrathin BNNTs, as shown in Fig. 5b. The curves show over-
lapped forward–backward plots, indicating that the buckles
and bents are entirely elastic. Thus the work done by the
forward loading force generates the elastic energy which is
stored in the ultrathin BNNTs and can be released during the
backward movement. By integrating the experimental F–d
curves,39 we can approximately estimate the recoverable energy
in the presently bent BNNT to be �400 � 106 J m�3. For a
comparison, a CNT spring made of bundles of single-walled
CNTs stretched to a 10% strain has been predicted to possess
the stored energy of 3.4 � 106 kJ m�3.40 For the thicker BNNTs,
the energy may be dissipated via bond breakage or rear-
rangement, as a result, the recoverable energy (per volume)
should be much less than that of the thinner BNNTs. There-
fore, the capability of thin BNNTs to elastically sustain large
loads makes them attractive materials to store and/or absorb
considerable strain energy.
This journal is ª The Royal Society of Chemistry 2013
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Conclusions

In summary, direct bending experiments were performed on
the BNNTs synthesized by the modied BOCVD method. A
distinct mechanical response was found in thin BNNTs with
diameters less than 10 nm. During in situ TEM bending tests,
heavily deformed BN layers formed in thick BNNTs, while
characteristic “hollow” ripple-like structures formed in the bent
ultrathin BNNTs. This peculiar buckling/bending mode makes
the ultrathin BNNTs possess very high post-buckling loads
which signicantly exceed their initial buckling forces. The
exceptional compressive/bending strength of �1210 MPa was
observed. Moreover, the analysis of reversible bending force
curves of such ultrathin tubes indicates that they may store/
adsorb strain energy at a density of �400 � 106 J m�3. Such
nanotubes with excellent mechanical performance combined
with other superb physical and chemical properties are thus
very promising for strengthening and toughening of structural
ceramics and may nd potential applications as effective
energy-absorbing materials like armor.
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