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Real-time deformation of individual multiwalled boron nitride nanotubes (BNNTs) was investigated
using an atomic force microscopy (AFM) stage installed inside the chamber of a transmission
electron microscopy (TEM) system. These in siftu AFM-TEM experiments were conducted in
following two deformation regimes: a small-angle (~65°) and a large-angle (~120°) cyclic bending
process. BNNTs survived from the low-angle test and their modulus was determined as ~0.5 TPa.
Fracture failure of individual BNNTs was discovered in the large-angle cyclic bending. The
brittle failure mechanism was initiated from the outermost walls and propagated toward the
tubular axis with discrete drops of applied forces. © 2010 American Institute of Physics.

[doi:10.1063/1.3456083]

I. INTRODUCTION

Boron nitride nanotubes (BNNTs) possess lattice struc-
tures similar to carbon nanotubes (CNTs) but have a large
theoretical band gap of ~5.5 eV.' These one-dimensional
nanostructures are predicted to have exceptional mechanical
properties and applicable for high-strength composites. Very
few experiments have been performed to date with respect to
the experimental examination of mechanical properties of
BNNTs. In order to enable the future application of BNNTSs
in future nanoscale or microscale devices, it is, therefore,
important to understand the failure and deformation mecha-
nisms of these nanotubes.

The authors of this manuscript recently conducted a
thorough literature review of the theoretical and experimen-
tal understanding of BNNT’s mechanics.” Theoretical studies
predict that the Young’s modulus of BNNTs can be up to 1.2
TPa.>* Experimentally, the Young’s modulus was measured
to be ~0.5 TPa using a direct force method’ and ~0.8 TPa
using the electric-field-induced resonance method.® Theoreti-
cally, a bending angle of ~70° can lead to failure or breaking
of B—N bonds in pristine single-wall BNN Ts.” Recently, Gol-
berg et al’ reported that at bending angles of ~115°, a re-
sidual plastic buckle could remain in the structure of the
nanotube. This resulted in the formation of ~30° angled-
kinks on BNNTSs after unloading. We also recently studied
the high temperature structural degradation of BNNTs.* In
the current research, we investigated the cyclic behavior of
BNNTs, an area not previously studied. Our objective was to
understand the performance limits of BNNTs under severe
bending condition.

Il. EXPERIMENTAL PROCEDURE

We have studied the cyclic deformation of individual
BNNTs under two different deformation regimes using

a)Corresponding author. Electronic mail: ykyap@mtu.edu
b)Corre:sponding author. Electronic mail: reza@mtu.edu.
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small-angle (~65°) and large-angle (~120°) cyclic bending.
Our experiments were conducted by atomic force micros-
copy (AFM) under in situ monitoring using JEOL JEM-
4000FX transmission electron microscopy (TEM) operated
at 200 keV. The reliability of such in situ AFM/TEM mea-
surements has been well-documented.”*'° Our BNNTs were
directly deposited on Si substrates by thermal chemical va-
por deposition at 1100—1200 °C in a conventional tube
furnace.'’ Powders including MgO, Fe,O3, and pure B were
used as precursors, and NH; gas was used as the source of
nitrogen. These BNNTs have a band gap ~5.9 eV, which is
higher than those used in previous reports (~5.4 eV), prom-
ising the high purity of sample.s’10 Figure 1 represents a high
resolution TEM image of the synthesized BNNTs and the
line intensity shown in (b) along the dashed line in (a) indi-
cates that the distance between walls is around 0.35 nm.
Individual BNNTs were then attached on a Pd—Au wire
(shown in Fig. 2) with silver paste by light mechanical
scratching on the as-grown samples. The Pd—Au wire was
then fixed on a Au hat, which can be placed on a sapphire
ball that enables the coarse motion of the sample toward the
AFM tip. The piezotube that is made of stacks of piezocrys-
tal layers enables the fine motion (nanometer resolution)
sample toward the AFM tip (Fig. 2). Using the NanofactoryTM
software (NFC3), the sample position was adjustable with a
precision of 1 nm in X, Y, and Z directions.

lll. RESULTS AND DISCUSSION

Figure 3 shows the position of one individual BNNT
(~50 nm in diameter) in contact with the AFM tip before,
during, and after the bending process. The nanotube was bent
at the vicinity of the center, suggesting that there was no
imperfection or filled part on the nanotube. Filled nanotubes
were shown to deform at the vicinity of the filled part or
imperfection sites.'” The maximum in-plane bending angle
in our case was measured as ~65° =3° (Fig. 3 at 10 s),
which is in good comparison with the 70° angle reported by

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) High resolution TEM image of a multiwalled BNNT. (b) The line intensity along the dashed line in (a) indicates that the distance

between walls is around 0.35 nm.

Golberg et al’ for multiwalled BNNTSs. For single-walled
BNNTs, theoretical simulations by Enyashin and Ivanovskii’
predicted this angle to be 30°-40°. We found that our nano-
tube can completely recover its initial tubular structure after
unloading from the bending (Fig. 3, released). There was no
noticeable defects formation or failure in the structure of this
sample even after applying 50 cycles of bending to the same
bending angle and unloading.

Figure 4 displays the force-displacement (F-D) plots ob-
tained after 1 and 10 bending cycles which corresponds to
the 65° of bending deformation. As shown, there was no
sudden drop in the applied forces, indicating that the bending
cycles introduce no structural failure in the nanotube. There
are some deviations between these curves owing to the nano-
scopic changes in contact condition between the AFM tip
and the nanotube during the loading and unloading cycling
processes.

Considering the ionic nature of bonding in BNNTSs, one
expects to observe a brittle-type behavior. Such high flexibil-
ity motivated the authors to conduct a close examination of
the bent nanotube in high resolution TEM. Figure 5 corre-
sponds to serious of images that reveal the mechanism by
which the BNNTs accommodate high bending angles close

Piezo-driven holder

FIG. 2. (Color online) Schematic of the in situ AFM setup inside the TEM.
BNNTs were placed on the Pd—Au wire and brought into contact with the
AFM cantilever through movement of the piezotube and sapphire ball.

to 65°. The dashed lines shown in Fig. 5(c) represent a tilt in
atomic planes along a particular set of atoms. The compres-
sion, C and tension, T, sides of the nanotube are schemati-
cally shown in the inset of Fig. 5(a). In several locations
along the compressive side of the nanotube these tilted
planes were observed in Fig. 5(b). This mechanism was
highly reversible and, after unloading, no sign of tilted plane
could be detected.

Using the maximum applied forces in the F-D curves,
the Young’s modulus of nanotubes can be estimated based on
the Euler’s formula for nanotubes assuming that both ends
are fixed,'” where the maximum applied force is Fgyer
=m?EI/L?. Here, L is the length of the BNNT between the
two contacts (=1.5 um), E is the elastic modulus, and the
moment of inertial,

/- m(dy — dy)
64

where d; and d, are the internal and external BNNT diam-
eters, respectively. Table I shows the calculations for five
different nanotubes. The average Young’s modulus detected
here was ~0.5 TPa*=0.1 TPa. The data were reproducible
after multiple tests with different individual BNNTs.
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FIG. 3. In situ TEM observation shows small-angle (~65°) bending of an
individual BNNT at 300 nm displacement within 10 s. Bending point
(circled) appears near the middle of the nanotube and is fully recovered
upon releasing the applied force. The images captured from the recorded
video.
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FIG. 4. F-D curves during the cyclic bending deformation of an individual
BNNT at deformation cycles of 1 and 10.

For the large-angle bending tests, we increased the de-
formation angle up to 120° to capture the pertinent structural
changes. Interestingly, BNNTSs failed in a fracture mode. Fig-
ure 6 shows the represented real-time process of the failure
of an individual BNNT after numerous cycling bending. The
F-D curve corresponding to this fracture event illustrates the
changes in the force applied to the nanotube [Figs.
6(a)-6(e)]. We have recorded three discrete drops in applied
forces. The first drop, at the beginning of the experiment, is
due to the nanoscopic sliding of the nanotube on the AFM
tip. This results in the drop of the applied force. The other
two drops (~200 nN each) represent the process of failure
initiation and propagation in the nanotube shell-walls [Figs.
6(c)-6(e)]. As the TEM images show, the fracture initiates
from the outermost shells [Fig. 6(c)] that are under tensile
stress and propagates [Fig. 6(e)] toward the axis of nanotube,
almost perpendicular to the applied force axis. As this par-
ticular BNNT has a wall thickness ~12 nm, this nanotubes
was having ~36 layers of hexagonal boron nitride (h-BN)
shells. Since the fracture processes initiated only two discrete
drops of applied forces within this particular cycle of bend-
ing, apparently multiple h-BN shells are broken simulta-
neously in two patches resembling a brittle-type fracture. It
is noted that a few layers of shells still remained after this
bending cycle as shown in Fig. 6(e). By repeating the bend-
ing cycles [Figs. 6(f)-6(h)], the nanotube was eventually
broken into two parts [Fig. 6(i)].

We think that the rupturing in the outermost shells may
be initiated by structural imperfections such as the Stone—
Wales defects.”® Yu er al.' reported the breakage of multi-

J. Appl. Phys. 108, 024314 (2010)

TABLE I. The estimated structural parameters for five different BNNTs and
the calculated Young’s modulus and standard deviation are shown.

d; d, L F Elastic modulus
(nm) (nm) (nm) (nN) (TPa)
Nanotube 1 34 51 1400 600 0.45
Nanotube 2 29 44 1600 390 0.68
Nanotube 3 25 50 1500 600 0.48
Nanotube 4 26 48 1800 420 0.58
Nanotube 5 22 38 1300 350 0.66

walled CNTs (MWCNTS) in the outermost layer. They as-
sumed that structural defects, such as Stone—Wales, produced
during the synthesis process, were responsible for the frac-
ture. Espinosa et al.” also reported failure of outer shells of
MWCNTs as a function of irradiation dose. Ding et al.'® also
observed similar failure mechanism. They estimated that de-
fects in the outer shell can cause stress concentrations and
thus failure.

We then examined the cross-section of the fractured
nanotube by using the broken segment 2 to lift the other
segment 1. As shown in Fig. 7, we used segment 2 to rotate
segment 1 so that the cross-section is perpendicular to the
electron beam. Figures 7(a)-7(c) demonstrate this manipula-
tion. In Fig. 7(d), the broken cross-section (marked in a
circle) is shown as a ring shape, indicating the presence of
the tubular structures. The inner channel at the center of the
broken cross-section can be clearly observed. The diameters
of the two broken parts were almost similar [Fig. 7(d)] sug-
gesting that the breakage of the nanotube shells is brittle.
This is in agreement with the existing belief about BNNT
brittleness due to the partially-ionic character of chemical
bonding between the B and N atoms.

IV. CONCLUSIONS

In summary, we tested the mechanical properties of in-
dividual BNNTs by cyclic bending using an in situ AFM/
TEM system. The structures of BNNTs remained after the
low-angle (~65°) cyclic bending. For the high-angle (
~120°) cyclic bending, in situ TEM imaging allowed the
real-time recording of the shell-walls failure initiation and
propagation process. Brittle failure mechanism was observed
for bending failure of BNNTs. The drops of the measured
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FIG. 5. (Color online) TEM images of a BNNT at the bended area reveal the mechanism by which the nanotubes accommodate high bending angles close to
65°. The compression, C, and tension, T, sides of the nanotube are schematically shown in the inset of (a). The dashed lines shown in (c) represent a tilt in

atomic planes along a particular set of atoms.
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FIG. 6. Process of fracture in an individual BNNT after the large-angle
(~120°) bending cycles. [(a)-(e)] Represent one cycle of bending. [(f)—(i)]
Showing nanotube breaking into two parts after pulling and stretching. (j)
F-D plot represents the changes in force upon failure initiation and propa-
gation during one cycle (a)—(e). Scale bars are 20 nm.

force corresponding to the failure of shell-walls determined
the contribution of shell-walls on the overall strength of
nanotubes.
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