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Abstract

The recent observation of high flexibility in buckled boron nitride nanotubes (BNNTSs)
contradicts the pre-existing belief about BN nanotube brittleness due to the partially ionic
character of bonding between the B and N atoms. However, the underlying mechanisms and
relationships within the nanotube remained unexplored. This study reports for the first time the
buckling mechanism in multi-walled BNNTs upon severe mechanical deformation. Individual
BNNTs were deformed inside a transmission electron microscope (TEM) equipped with an

in situ atomic force microscopy holder. High-resolution TEM images revealed that bent BNNTSs
form multiple rippling upon buckling. The critical strain to form the first ripple was measured
as 4.1% and the buckling process was reversible up to 26% strain. As opposed to carbon
nanotubes, the BNNTs buckled into V-shaped ripples rather than smooth wavy shapes. The
rippling wavelength was quantified in terms of the outer diameter and thickness of the
nanotubes. The BNNTSs showed a larger rippling wavelength compared to that of CNTs with the
same number of walls. This difference was explained by the tendency of BN structures to
reduce the number of thermodynamically unfavorable B-B and N-N bonds at the sharp corners
in the rippling regions. The BNNTSs’ structure also exhibited a higher fracture strain compared

to their counterpart.

(Some figures in this article are in colour only in the electronic version)

List of symbols

A Buckling wavelength

& Strain

v Poisson ratio

h  Wavelength of buckling
r  Radius of nanotube

R Radius of curvature

1. Introduction

The mechanical properties of boron nitride nanotubes
(BNNTSs) are measured and calculated both theoretically [1, 2]
and experimentally [3, 4] to be in the same range as those of
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carbon nanotubes (CNTSs), their structural analogue. However,
they exhibit important advantages over CNTs, such as higher
thermal/chemical stability [5] and thermal conductivity [6, 7].
In addition, their electronic properties are independent with
respect to chirality, diameter, or nanotube length [8]. BNNTSs
offer a variety of applications in nano-scale electronic
devices [9, 10], optoelectronics [11], and as a reinforcement
in composites [12]. Despite the potential impact of BNNTSs in
many areas of science and industry, a robust understanding of
their mechanical behavior is lacking and thus limits the design
and optimization of BNNT-enhanced materials.

There are numerous reports on the mechanical responses
of single- [13] and multi-walled CNTs [14-16], CNTs
embedded in matrices [17, 18], or under torsion force [19].
lijima et al [20] first observed single kinks in single-walled
CNTs of diameters 0.8 and 1.2 nm bent to large angles.
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Figure 1. (a) Represents the bending experiment of an individual multi-walled BNNT in contact with an AFM tip (on the left) and a gold wire
base (on the right). (b) Free-body diagram of the bending experiment in (a) with analysis of the associated forces. (c) The bent nanotube is
shown and special pattern formation at the bent area is marked by arrows. (d) High-resolution (HR) TEM image of an individual bent BNNT
reveals that the special pattern consists of multiple rippling on the compressive side of the nanotube.

Later on, they also reported that in the case of five-walled
CNTs, first a single kink was developed; then at a higher
bending curvature, the same nanotube developed double kinks.
Transmission electron microscopy (TEM) images revealed that
the distances between respective shells of the nanotube stayed
unchanged, even in the presence of the kinks at high bending
angles. Poncharal et al [16] and Bower et al [17] also
observed local buckling of multi-walled CNTs during bending.
Their TEM images indicate that the buckling wavelength is a
function of the nanotube radius and wall thickness.

The authors recently reported [21] the mechanical
characterization and fracture detection of individual BNNTSs
as a result of cyclic bending deformation. We observed the
formation of several ripples during the bending deformation
of multi-walled BNNTs. However, no quantitative correlation
between the nanotubes’ structural parameters and the rippling
wavelength was given. Here, we examined the buckling
formation of several BNNTs inside a TEM equipped with an
atomic force microscope (AFM) and correlated the nanotube
structural parameters and buckling characteristics.

2. Experimental procedure

The in situ experiments were conducted by an AFM that was
operated inside a JEOL JEM-4000FX TEM at 200 kV. The
BNNTs were directly deposited on Si substrates by thermal
chemical vapor deposition at 1100-1200 °C in a conventional
tube furnace [22]. Powders including MgO, Fe, 03, and pure B
were used as precursors, and NHj3 gas was used as the source
of nitrogen.

Individual BNNTSs were then attached on an Au wire by
light mechanical scratching on the as-grown samples. As a
result of van der Waals forces, individual nanotubes stick to the
wire in different directions. The Au wire was then fixed on the
Au hat, which sits on the sapphire ball. Applying friction force
between the hat legs and sapphire ball, the piezo-driven holder
allows nanometer motion of the sample toward the AFM tip.
The sample position can be adjusted with a precision of 1 nm
in the X, Y and Z directions.

3. In situ bending experiments

Figure 1(a) shows a multi-walled BNNT between the AFM
probe and the base of gold wire. At this initial stage, there
is no sign of rippling throughout the length of the nanotube.
Upon applying axial compressive force (Fy) on the nanotube,
the nanotube starts to bend. The bending deformation is
due to the moment M introduced as a result of the off-axis
configuration between the nanotube and the support contacts.
This is shown by the free-body diagram expression of the
nanotube where the force, F', is applied by the AFM tip along
the horizontal direction (figure 1(b)). Assuming the two-
dimensional coordinates along the nanotube axis, the force
on the nanotube can be dissociated into F, and F, where
M = F,Lcos0, where L is the distance along the nanotubes
axis between the contact points on the Au wire and the AFM
tip, and € is the angle between F' and the nanotubes axis.
Figure 1(c) shows multiple rippling formed around the bending
center of the nanotube. The individual ripples are marked by
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Figure 2. Force—displacement plots of a BNNT under cyclic bending
deformation.

arrows in figure 1(d). The rippling formation was observed
only on the compressive side of the nanotube and no sign of
rippling was detected on the tensile part (figure 1(d)).

Figure 2 represents force—displacement plots of typical
individual nanotubes under one, ten, and twenty cycles of
bending deformation. Not much difference in terms of applied
force at various cycles could be detected which suggests that
the rippling formation is reversible. The HRTEM imaging of
the nanotubes after unloading revealed no apparent fracture.
Regularly distributed ripples were observed on the compressive
side of the bent nanotube. Upon changing the direction of
bending, the location of the buckles shifted. This, in fact,
suggests that the buckle formation is reversible and is not
affected by defects.

3.1. Buckling characteristics

During bending and buckling deformation, a distinct
morphological characteristic for rippling was observed. The
buckling was associated with sharp corners as shown in
figure 3(a). The appearance of V-shape buckles has not been
reported in CNTs [18, 14, 13]. The V-shaped ripple, shown in
figure 3(a), has a folding angle of 120°. These sharp-cornered
features are possible with the formation heptagon—pentagon
pairs and unfavorable B-B or N-N bonds. The applied
axial force, causing the bending deformation, can provide the
energy required for this energetically unfavorable deformation.
Hence, one can conclude that the nanotube transmits the
applied deformation force through the above mentioned
mechanism to avoid mechanical failure and maintain the
nanotubular structure. This interpretation is consistent with
the reported flat tip structure in BNNTs. Loiseau et al [23]
described that such a flat tip structure corresponds to three
interconnected hexagonal BN networks with 120° disclination
in between. The results suggest that these thermodynamically
unstable B-B/N—N bonds can switch back to stable B-N bonds
as the force is unloaded, due to the more energetically favorite
hexagonal BN structures. This conclusion is supported by the
fact that multiple force—displacement data that were collected
at various stages of rippling formation did not reveal obvious
changes (figure 2).

The interlayer distances between the shells of the rippled
area were not deviated from the original value of 0.35 nm,
as shown in figure 3(a). This was validated by plotting the
line intensity diagram of the nanotube (figure 3(b)) in the
buckled area of figure 3(a). The existence of van der Waals
forces between the B-N atomic layers can play a major role
in controlling the inner shell distances. The importance of
these forces was also reported by Cumings et al [24] during the
telescoping phenomenon in multi-walled carbon nanotubes.
The van der Waals forces between the B-N layers keep the
inner shells’ distance fixed, resulting in the rigid bending of B—
N layers on top of each other. The van der Waals interactions
also prevent the reduction of the inner diameter of the nanotube
to below 0.35 nm, where these interaction forces become
strongly repulsive. In other words, the van der Waals force
can override the tube elasticity at c-axis.

3.2. Quantitative correlation of buckling and nanotube
characteristics

Assuming zero strain along the axis of the nanotube, the off-
axis/buckling strain (¢) can be calculated as r/R, where r is
the radius of the nanotube and R is the radius of curvature
measured at the hollow center of the nanotube. Measurements
based on HRTEM images reveal that the first buckle starts
to form at the & range from 4.1-9%, depending on the wall
thickness of nanotubes. This is in agreement with the results
by Bower et al [17] where it is shown that the onset buckling
strain of multi-walled CNTs inside a polymer matrix can reach
up to 5%. The wall thickness represents the number of shells,
which reflects the magnitude of B—N ionic bonds and also
van der Waals force against the bending deformation. Upon
further bending, the second buckle starts to form, mainly at
& > 11.6%. Finally, at ¢ &~ 26%, periodic ripples are formed
next to each other, on the compression side of the nanotube.
This level of strain is equivalent to 240 nm of displacement
shown in figure 2. Upon unloading, the nanotube springs back
to its original straight shape.

The circular cross section of the nanotube tends to be
ovalized which is known as the Brazier effect [25]. The other
mode of deformation in bending experiments is bifurcation,
which is well known in continuum mechanics [26]. It is
periodic rippling of the tube wall (figure 1(d)) that appears on
the compressive stressed side of the nanotube. The wavelength
of the rippling is predicted by Timoshenko’s thin shell theory
under axial compression as [27]:

2
A= —orh 1
4/12(1 — v?) : )

where, v is the Poisson ratio, r is the outer diameter and
h is the wall thickness of the thin shell. Substituting the
Poisson ratio of 0.2-0.4 [28] for hABNs, the value of A/ M
is found to be 3.4-3.5. In the case of nanotubes, the r, h,
and A parameters are shown in figure 4(a) and the variations
of buckling wavelength for several BNNTSs are plotted in terms
of (rh)*>. The ratio A/ /rh of multi-walled BNNTS is equal
to ~1.45, much smaller than the predicted value by classical
mechanics (~3.4). The difference can be explained by the
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Figure 3. (a) HRTEM image of an individual BNNT shows typical V-shape buckles on the compression side. (b) The line intensity across
along the red line in (a) indicates that the average distance between walls is ~0.35 nm.
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Figure 4. (a) Bright field TEM image of a buckled BNNT and the representative structural parameters r, /1, A and are shown. (b) The plot of
buckling wavelength as a function of (/)% where several BNNTSs are compared with the available data on CNTs in the literature.

fact that the classical continuum mechanics models are defined
for thin shell tubes where r/h > 10, while in multi-walled
BNNT 1.3 < r/h < 1.8. Moreover, in the case of nanotubes,
the contribution of van der Waals interaction in transmitting
the applied force through the shells should be taken into
account. While, in classical continuum mechanics models the
interaction between shells is ignored.

In figure 4(b), the data for buckling formation in BNNTs
are compared with the similar phenomenon in CNTs reported
by Bower et al [17] and Pantano et al [29]. In both
cases of CNTs and BNNTSs, as the thickness of nanotubes
increase the wavelength of the buckles increases. However,
in CNTs the ratio of A/(rh)%° is reported to be close to
~1 [17], whereas we obtained the value of ~1.45 for BNNTs.
The reason for the higher rippling wavelength in BNNTSs
in comparison to that of CNTs can be explained in terms
of minimization in the number of unfavorable B-B or N-N
bonds. Figure 5(a) illustrates the hexagonal BN structure in
each shell before bending deformation. The arrow indicates
the bond switching that results in a heptagon—pentagon pair
formation at the corner of the ripples as shown in figure 5(b).
Hence, the system energy increases at those corners due to
thermodynamically unfavorable B-B or N-N bonds, and thus
the BN structure tends to minimize the number of B—-B or N—
N bonds. In contrast, in CNT structures, the C—C bonds have

no thermodynamic restriction. Two hypothetical scenarios that
can happen in the buckled BNNTSs are described schematically
in figure 5(c). In one scenario, two ripples with the wavelength
of A; are shown at a total length of 2A;. Statistically this
structure has three unfavorable B—B or N-N at the three sharp
corners. In scenario two and for the same total length, the
ripple with wavelength A, has only two unfavorable B-B or
N-N bonds. The latter scenario is more stable than the former
and can explain the larger wavelength in BNNTSs in comparison
to CNTs.

4. Conclusion

Multi-walled BNNTSs were subjected to buckling experiments
inside a TEM. We observe that BNNTs are highly flexible
which is counterintuitive knowing that they possess ionic
structure. Multiple rippling was observed on the compressive
side of the buckled nanotubes. The first ripple started at strain
of 4.1%, and more ripples were formed by increasing the
applied strain. Our results reveal that the rippling wavelength
and nanotube outer diameter, r, and thickness, &, are correlated
through the relationship of A/(rh)*> = 1.45. It was also
found that the buckling was reversible up to 26% strain. The
buckling wavelengths in BNNTSs are larger in comparison to
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Figure 5. (a) Schematic of BN hexagon atomic arrangement in each shell before bending deformation. Arrow shows the direction of bond
switching. (b) Top view of BN pentagon—heptagon pairs as a result of bending deformation. (c¢) A 2D schematic of ripples under two
hypothetical scenarios. The ripples with wavelengths of A; and A, = 21, are shown for a total length of A,. Thermodynamically unfavorable
B-B and N-N bonds are higher in the small ripples in comparison to the large ripple.

the data reported in the literature for CNTs. This difference
was explained by the tendency of BN structures to reduce
the number of unfavorable B-B and N-N bonds at the sharp
corners in the rippling regions.
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