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Abstract
We investigated the radial mechanical properties of multi-walled boron nitride nanotubes
(MW-BNNTs) using atomic force microscopy. The employed MW-BNNTs were synthesized
using pressurized vapor/condenser (PVC) methods and were dispersed in aqueous solution
using ultrasonication methods with the aid of ionic surfactants. Our nanomechanical
measurements reveal the elastic deformational behaviors of individual BNNTs with two to
four tube walls in their transverse directions. Their effective radial elastic moduli were
obtained through interpreting their measured radial deformation profiles using Hertzian
contact mechanics models. Our results capture the dependences of the effective radial moduli
of MW-BNNTs on both the tube outer diameter and the number of tube layers. The effective
radial moduli of double-walled BNNTs are found to be several-fold higher than those of
single-walled BNNTs within the same diameter range. Our work contributes directly to a
complete understanding of the fundamental structural and mechanical properties of BNNTs
and the pursuits of their novel structural and electronics applications.

(Some figures may appear in colour only in the online journal)

1. Introduction

Boron nitride nanotubes (BNNTs) [1, 2], one type of one-
dimensional nanostructure, have received increasing attention
from the research community in recent years. Research has
shown that BNNTs possess very high Young’s modulus
(up to 1.3 GPa) [3–9], excellent thermal conductivity [10,
11], chemical and thermal stability [12, 13], and electrically
insulating properties [1, 14, 15], which originate from
their repeated and partially ionic B–N bonding network
architectures and are comparable, or even superior, to those
of carbon nanotubes (CNTs) [16]. Therefore, BNNTs are
ideal for applications demanding high strength, thermally

and chemically stable and electrically insulating materials.
Our recent studies on the radial mechanical properties of
single-walled BNNTs (SW-BNNTs) [17] reveal that single-
layer cylindrical B–N bonding networks have relatively lower
resistance to transverse loads compared with covalent C–C
bonding networks, even though their respective resistances to
axial loads are reportedly comparable. The axially strong but
radially supple characteristics suggest that SW-BNNTs may
be superior to their CNT counterparts as reinforcing additives
for ceramic nanocomposites [18–21] based on the fact that
better conformation of nanotubes to ceramic grains is desired
for the improvement of fracture toughness. In addition, the
radial rigidity of BNNTs also determines their cross-sectional
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configurations in the forms of bundles or ropes [22, 23]
or when they are in contact with other material surfaces
[24], and has a significant influence on their mechanical
deformational behaviors under a variety of loading conditions
(e.g. compression, bending, and torsion) [25–27] as well as
their electrical properties. It has been recently reported that
the bandgaps of BNNTs, originally in the range of 5–6 eV [1,
14, 15], decrease under mechanical deformations [28, 29].

BNNTs can crystallize in both single-walled and multi-
walled nanophases. Due to the partially ionic character of
B–N bonds, boron and nitrogen atoms are arranged alternately
along the tube axis and prefer to form double or multiple-
layered tubular structures due to the prominent, so-called
‘lip–lip’ interaction between neighboring B–N layers [16].
Therefore, structures of multi-walled BNNTs (MW-BNNTs)
are considered to be more stable than those of SW-BNNTs,
which is supported by the evidence that MW-BNNTs are
found to be much more common than SW-BNNTs in the
synthesized materials [30]. Due to their more stable structures
and better availability, MW-BNNTs have been employed
in the majority of experimental studies of fundamental
structural and material properties and applications of BNNTs.
Therefore, it is of great importance to understand the radial
mechanical properties of MW-BNNTs.

Up to date, several methods have been proposed to
synthesize BNNTs, such as catalyst based CVD methods [31,
32], arc-discharge methods [2], ball-milling methods [33],
and laser heating methods [34–37]. A catalyst-free BNNT
growth method named PVC (pressurized vapor/condenser)
was recently reported to be capable of producing highly
crystalline, very long, and small diameter BNNTs [23].
For the BNNTs synthesized using the PVC method, it is
reported that the majority of the tubes have two to five walls,
which are ideal materials for studying the radial elasticity of
MW-BNNTs.

In this paper, we present a nanomechanical study of the
radial elasticity of PVC-synthesized MW-BNNTs. The em-
ployed MW-BNNTs were first dispersed in aqueous solution
using ultrasonication methods with the aid of surfactants, and
their structural configurations were characterized by both high
resolution transmission electron microscopy (HRTEM) and
atomic force microscopy (AFM) techniques. Then the radial
deformations of individual MW-BNNTs with two to four
tube walls were characterized by AFM-based nanomechanical
testing techniques. Our nanomechanical measurements were
interpreted using Hertzian contact mechanics models, and
the effective radial elastic moduli of the tested MW-BNNTs
were obtained based on their measured radial deformation
profiles. Our measurements also reveal the dependence of
the BNNT radial rigidity on critical nanotube structural
parameters, including the tube outer diameter and the number
of tube layers. Our results reported in this paper contribute
directly to a complete understanding of the fundamental
structural and mechanical properties of BNNTs and the
pursuits of their novel structural and electronics applications,
such as polymeric and ceramic composites [19, 38], protective
shields/capsules [39], and electronics and optoelectronics
devices [19, 40].

2. Results and discussion

2.1. Dispersion and structural characterization of BNNTs

The employed PVC-synthesized BNNTs were originally
in the form of dry cotton-like fibrils. Figure 1(a) shows
a representative scanning electron microscopy (SEM)
image of as-grown BNNT material formed by entangled
networks of branching nanotubes and tube bundles. For the
purpose of performing nanomechanical measurements on
individual BNNTs, as-grown BNNTs were first dispersed
in deionized (DI) water by ultrasonication with the aid of
ionic surfactant sodium dodecylbenzenesulfonate (NaDDBS).
NaDDBS, consisting of a benzene ring moiety, a charged
group, and an alkyl chain, is known as an effective surfactant
for dispersing single- and multi-walled CNTs [41–43].
Figure 1(b) shows three selected pictures demonstrating the
effectiveness of NaDDBS in de-bundling and dispersing
BNNTs: (1) ∼0.2 mg of as-synthesized BNNTs and ∼0.1 mg
of dry-powder NaDDBS were first added in 250 µl of DI
water and the mixture was then ultrasonicated for 1 min.
The solution became pale in color and BNNT aggregates
were observed at the bottom of the solution. (2) The solution
turned into a white color and became relatively uniform after
ten-minute ultrasonication. The amount of BNNT aggregates
at the bottom of the solution was greatly reduced. (3) The
solution became more uniform and limpid after one-hour
ultrasonication. We also performed control experiments of
ultrasonicating the mixture of as-grown BNNTs and DI water,
without the addition of NaDDBS, under the same conditions.
No discernable change to the BNNTs in the solution
was observed after one-hour ultrasonication, indicating that
BNNTs could not be effectively dispersed or de-bundled
in DI water just by means of ultrasonication. Our results
clearly demonstrate that NaDDBS is an effective surfactant
in dispersing BNNTs. It is noted that another type of ionic
surfactant, ammonium-oleate, was previously reported for the
dispersion of MW-BNNTs in aqueous solution [44].

The supernatant of the dispersed BNNTs was char-
acterized using both HRTEM and AFM. Our HRTEM
characterization captured both SW- and MW-BNNTs whose
diameters were mostly within the range of 1–6 nm. Among
MW-BNNTs, double-walled tubes were the most frequently
observed tubular structures. Figure 1(c) shows a representative
HRTEM image of BNNTs in the form of double-wall and
triple-wall configurations, while the inset image shows a
quadruple-walled BNNT (QW-BNNT). Figure 1(d) shows
the outer diameter ranges of single- to quadruple-walled
BNNTs captured by HRTEM. The outer diameter range of
the observed double-walled BNNTs (DW-BNNTs) is found
to be from 2.0 to 4.0 nm (n = 47), while 0.7–2.4 nm for
SW-BNNTs (n = 6), 2.8–5.6 nm for triple-walled BNNTs
(TW-BNNTs) (n = 17) and 3.7–6.6 nm for QW-BNNTs
(n = 7). It can be clearly seen from the data presented in
figure 1(d) that the diameter range of one type of BNNT
partially overlaps with other types of tubes. Therefore, the
exact wall number of a BNNT may not be directly identified
based on its outer diameter when it falls into the overlapping

2



Nanotechnology 23 (2012) 095703 M Zheng et al

Figure 1. (a) SEM image of as-synthesized BNNTs using PVC methods. (b) Three selected pictures showing the processes of dispersing
BNNTs in aqueous solution with the aid of surfactant NaDDBS: (1) as-grown BNNTs were first added to the DI water with NaDDBS and
the mixture was then ultrasonicated for 1 min; (2) the BNNT solution after 10 min ultrasonication; (3) the BNNT solution after 1 h
ultrasonication. (c) Representative HRTEM images of double-walled (DW), triple-walled (TW), and quadruple-walled (QW) BNNTs.
(d) The respective outer diameter ranges for BNNTs of one to four walls captured by HRTEM. (e) (Top) Tapping-mode AFM image of one
dispersed BNNT on a silicon substrate with a height of 2.9 nm. (Bottom) Schematic of the cross-section of one DW-BNNT on a flat
substrate. (f) (Top) HRTEM image of one DW-BNNT with significant radial contraction deformation. (Bottom) The digitized conformation
of this tube showing the wall deformation.

diameter region(s). The upper image in figure 1(e) shows a
representative tapping-mode AFM image of one dispersed
BNNT deposited on a clean Si substrate with an original tube
cross-section height (h0) of 2.9 nm. The outer diameter of this

tube (Dout
nt ) is estimated to be about 2.56 nm by considering

Dout
nt = h0 − t [45], in which t = 0.34 nm is the inter-layer

distance of the B–N sheet [23]. Therefore, the tube shown in
the AFM image is most probably a DW-BNNT.
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Occasionally, the microscopic structures of BNNTs with
significant radial deformations were captured by HRTEM.
The top image in figure 1(f) shows the structure of one
DW-BNNT (Dout

nt = 2.8 nm) under bending deformation with
a bending angle of 34◦, which probably came into being
during the nanotube post-processing processes. It can be seen
that significant tube radial contraction deformation occurs
along its transverse direction as a result of the bending
of the tube, which can be ascribed to the bending-induced
contraction and stretching of B–N bonds in the tube layers.
There is no discernable evidence of the broken or fractured
B–N layer around the tube radial contraction site, indicating
that there is no breaking of B–N bonds or re-arrangement of
boron and nitrogen atoms during the radial deformation of
the tube. The observed morphology of this deformed tube is
consistent with the previously reported findings of bending
deformations of SW-BNNTs using molecule dynamics (MD)
simulations [27]. The bottom plot in figure 1(f) shows the
digitized tube conformation based on the recorded HRTEM
image. The inner diameter of the tube at the undeformed
positions is measured to be about 2.1 nm, while the closest
distance between the inner walls at the radial contraction
site is measured to be about 0.4 nm, which is very close
to the inter-layer distance of the B–N sheet, 0.34 nm [23].
It is noted that the inter-layer distance at the contraction
site is noticeably smaller, although very difficult to quantify,
compared to those at the undeformed positions, indicating that
the inter-layer interaction is also squeezed when the tube is
deformed along its transverse direction. It has been reported
recently that rippling was observed on the tube layers of
buckled MW-BNNTs in bending experiments. However, no
ripple is observed on both the inner and outer tube layers for
the DW-BNNT shown in figure 1(f), which can be ascribed
to the fact that the diameter of this tube is small enough such
that the contraction and stretching of B–N bonds are able to
accommodate the bending-induced morphology change. The
observed significant radial contraction deformation when the
tube is under modest bending suggests that BNNTs are of
high flexibility in its transverse direction, which is consistent
with several recently reported experimental observations [9,
17, 46].

2.2. AFM-based BNNT radial elasticity measurements

Radial mechanical deformations of individual MW-BNNTs
were characterized using AFM-based compression testing
techniques as illustrated by figure 2(a) (see section 4
for details). This nanomechanical testing technique was
previously employed in studying the radial elasticity of
SW-BNNTs [17] as well as single-walled and multi-walled
CNTs [47–50]. Figures 2(b) and (c) illustrate the cross-
section deformation of the nanotube, the AFM tip and the
substrate under relatively small and large compressive loads,
respectively.

Figure 3(a) shows three selected AFM line-scanning
profiles measured on one BNNT, as shown in the inset AFM
image, recorded in contact mode at compressive loads of 0.05,
3 and 5 nN, respectively. Prominent nanotube cross-section

Figure 2. (a) Schematic of the AFM-based compression testing
scheme on the radial deformation of an individual BNNT on a flat
substrate. (b) Schematic of the deformations of a double-walled
nanotube, an AFM tip and a substrate along the nanotube’s
transverse direction under relatively small compressive loads.
(c) Schematic of the nanotube cross-section conformation under
large compressive loads where the two opposing nanotube faces are
in close proximity. Red and blue dots represent nitrogen and boron
atoms in the nanotube, respectively. All drawings are not to scale.

height reduction, which increases with the compressive load,
is observed. The well-overlapping of the nanotube position
in all three profiles indicates that the nanotube remained at a
standstill on the substrate during the compressive test for the
given load range. Figure 3(b) shows the measured nanotube
height (h) and the corresponding measurement error as a
function of the compressive load (P) for the tube shown in
figure 3(a).

Figure 4(a) shows the repeated loading and unloading
profiles of one BNNT with an original tube cross-section
height of about 4.5 nm. The measurements on the BNNT
height as a function of the compressive load are based on
four compression and three decompression tests that were
executed alternately and consecutively. The overlapping of

4



Nanotechnology 23 (2012) 095703 M Zheng et al

Figure 3. (a) Selected contact-mode AFM line-scanning profiles
measured on a BNNT with an original tube cross-section height on
the substrate of about 5.22 nm. The inset shows a contact-mode
AFM image (the set-point is 0.05 nN) of this measured tube. (b) The
measured height–load profile for the tube shown in (a). The error
bars for the nanotube height are measured based on the portions of
the scanning profiles in the vicinity of the nanotube.

the loading and unloading curves indicates a purely elastic
deformation in the tube transverse direction within the applied
load range (up to 17 nN). The measured cross-section height
of this tube at P = 17 nN is 2.9 nm, representing a height
reduction of 35.6%. We want to emphasize here that the
measured tube cross-section height reduction is ascribed not
only to the radial deformation of the BNNT, but also to the
deformations of the AFM tip and the substrate, as illustrated
in figure 2(b). The net BNNT radial deformation is actually
smaller than the measured tube height reduction. Neglecting
the deformations of the AFM tip and the substrate effectively
results in over-estimation of the BNNT radial deformation. It
is noted that the presented radial deformation profiles were
acquired with the tested BNNTs remaining at a standstill
on the substrate during the whole testing process, which

Figure 4. (a) Repeated loading (triangle-up points) and unloading
(triangle-down points) curves recorded on one BNNT with
h0 = 4.5 nm. The solid line represents the fitting curve to the
experimental data based on the Hertzian model. (b) Theoretical
prediction of the corresponding radial strain versus the compressive
load for the BNNTs shown in (a).

can be discerned from their consecutively recorded AFM
scanning topography profiles as shown in figure 3(a). Our
measurements were terminated when the tested BNNTs were
found to be moved by the AFM tip on the substrate, which
is most likely due to the fact that the adhesion between the
nanotube and the substrate could not balance the lateral force
exerted on the nanotube by the AFM probe.

To better understand the radial elasticity of the tested
BNNTs, we interpret our nanomechanical measurement
using Hertzian contact mechanics models (see section 4 for
details). The contacts between the AFM tip, the BNNT, and
the substrate are simplified as an elastic and friction-free
nanoindentation system consisting of a spherical tip, a
cylindrical tube, and a flat substrate. In this model, we
consider cylindrical hollow BNNTs as elastic bodies, and
their effective radial elastic moduli (Erad

nt ) are expected to be
positively correlated to the rigidity of the tube cross-section
and are determined by both the tube outer diameter and
the number of tube layers. Since the strain energy in a
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Table 1. Summarized measurements and calculations on six different BNNTs that were tested by first applying compressive loads of
0.05–5 nN, and then compressive loads of 50 nN. The actual tube height under compressive loads of 50 nN is calculated as the measured
height plus the combined deformation of the AFM tip and the substrate.

Sample
#

Original tube
cross-section
height (nm)

Measured tube
height at
P = 50 nN (nm)

Effective radial
elastic modulus
(GPa)

Combined AFM tip and
substrate deformation at
P = 50 nN (nm)

Actual tube
height at
P = 50 nN (nm)

Assigned
number of
tube layers

1 2.48 0.95 14.69 0.60 1.55 2
2 3.56 0.91 5.38 0.50 1.41 2
3 3.64 1.01 2.85 0.49 1.50 2
4 3.96 1.48 10.42 0.47 1.95 3
5 4.00 1.54 10.16 0.47 2.01 3
6 5.70 2.32 7.85 0.39 2.71 4

single-walled tube is inversely proportional to its diameter
square, Erad

nt of a MW-BNNT is expected to decrease with the
increase of its outer diameter while increasing with its number
of tube layers.

The solid line in figure 4(a) represents the fitting
curve based on the Hertzian model for the experimental
measurements, which displays very good agreement. Based
on the curve fitting, the effective radial elastic moduli of the
tested BNNTs are calculated to be 3.2 GPa. The diametrical
deformation of the tube along the load direction (δd) can
be calculated based on the Hertzian model by assuming that
both the AFM tip and the substrate are rigid. Figure 4(b)
shows the dependences of the radial strain εrad

nt , defined as
εrad

nt = δd/h0, on the applied load for the BNNT shown in
figure 4(a). Our results show that the net radial strain for
the BNNT reaches 34.5% at P = 17 nN, indicating that the
combined deformation of the AFM tip and the substrate is
merely 3.2% of the net tube radial deformation. The tube
deformation dominates in all the deformational components
in the measured tube height h because its effective radial
elastic modulus is significantly lower compared with the
elastic moduli of the AFM tip and the substrate. On the other
hand, the deformations of the AFM tip and the substrate may
be substantial if the tube’s effective radial elastic modulus is
comparable to their elastic moduli. In such cases, neglecting
the deformation of the AFM tip and/or the substrate in the
Hertzian model may results in significant under-estimation of
the effective radial elastic moduli of the tested BNNTs.

As mentioned previously, the radial rigidity of MW-
BNNTs depends on both the tube outer diameter and the
number of tube walls. While the tube outer diameter can
be readily quantified by AFM, the quantification of the
tube wall number using AFM is not a straightforward task.
It is known that the tube cross-section gets flattened (see
figure 2(c)) when it is subjected to large compressive loads
(e.g. 50 nN) and the cross-section height of a completely
flattened tube (h∗ in figure 2(c)) is nearly proportional
to its number of tube layers [45, 51]. According to our
experimental observation shown in figure 1(f), the inter-layer
distance of a radially compressed BNNT is considered to be
largely unchanged with a value of about 0.34 nm. Therefore,
the cross-section heights of completely flattened single- to
quadruple-walled BNNTs are expected to be about 0.68,
1.36, 2.04, and 2.72 nm, respectively. We performed the
nanotube flattening experiments on six different BNNTs with

Figure 5. The respective radial deformation profiles of six different
BNNTs. The solid lines are the respective fitting curves of the
experimental data based on the Hertzian model. The effective radial
moduli of these tested tubes are listed in table 1.

original tube heights (h0) from 2.48 to 5.70 nm. The radial
deformation of these BNNTs was first measured individually
under compressive loads of up to 5 nN, from which their
respective effective radial moduli were calculated. The radial
deformation measurements and the respective fitting curves
based on the Hertzian model are presented in figure 5. Then
their respective heights on the substrate under compressive
loads of 50 nN were measured. As discussed previously, the
measured tube height (h) is smaller than the actual tube height
due to the deformation of the AFM tip and the substrate. The
combined deformation of the AFM tip and the substrate at
P = 50 nN for each tube measurement is estimated using
the Hertzian contact mechanics model by assuming that the
BNNT is a rigid body. The actual flattened tube height at
P = 50 nN is calculated as the measured tube height plus
the combined deformation of the AFM tip and the substrate.
All the measured and calculated values on these six BNNTs
are summarized in table 1. Among the six tested BNNTs,
tubes #1–#3 are assigned to be DW-BNNTs, while tubes
#4–#5 are TW-BNNTs and tube #6 is a QW-BNNT. We
also want to highlight that the consistent results obtained on
tubes #4 and #5 listed in table 1, which have almost identical
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Figure 6. The dependence of the measured effective radial modulus
of SW- and MW-BNNTs on the tube outer diameter. The triangular
points represent experimental data for SW-BNNTs, which are
reproduced from [17]. The square points represent the data
measured on those tubes listed in table 1. The solid lines are
power-function fitting curves of the respective experimental data
sets.

outer diameters, demonstrate the good reproducibility of our
AFM-based nanomechanical measurements.

Figure 6 shows the BNNT effective radial modulus as a
function of the tube outer diameter based on measurements of
53 different BNNTs with outer diameters ranging from 2.0 to
6.6 nm, which are shown in red, blue, and pink points. It can
be clearly seen from figure 6 that these measured data points
form three distinct groups of data sets, each of which shows
a decreasing trend with the increase of outer tube diameter
and can be reasonably well fitted by power functions (solid
curves). For the purpose of comparison, figure 6 also includes
the recently reported experimental data on SW-BNNTs [17]
(black triangular points), which were obtained using the
same experimental and theoretical protocols and approaches
as the present work. From the data values and their trends
shown in figure 6, we reasonably believe that the red points
correspond to DW-BNNTs, while the blue and the pink points
correspond to TW-BNNTs and QW-BNNTs, respectively.
The outer diameters of the measured tubes corresponding to
each number of tube walls are consistent with our HRTEM
measurements as shown in figure 1(d). It is noted that the
measured data for tubes with known tube wall numbers,
which are listed in table 1 and shown in figure 6 as square
points, follow their respective trends very well, supporting our
classification of the tested BNNTs by their tube wall numbers.

It is noticed from the red data set that the effective
radial moduli of DW-BNNTs with outer diameters from 2.0
to 2.5 nm are found to decrease from 27 to 14.3 GPa, which
are several-fold higher than those of SW-BNNTs within the
same diameter range (i.e. 2.4–1.9 GPa for diameters from
2.0 to 2.4 nm), implying that DW-BNNTs of higher radial
rigidity more readily undertake a circular cross-section in
bundle and yarn structures or when they are in contact
with other materials surfaces compared with SW-BNNT of
lower radial rigidity. Similar differences are also observed in

the comparison of the effective radial moduli among DW,
TW, and QW-BNNTs. It is also noticed from figure 6 that
the distances between the two neighboring fitting curves at
given elastic moduli are consistently larger than 0.68 nm, the
increase of the tube outer diameter with the increase of one
tube layer. Our results unambiguously demonstrate that the
BNNT radial rigidity increases with the number of tube walls,
while decreasing with the tube outer diameter.

It is desirable to compare the radial elastic moduli
of MW-BNNTs with those of MW-CNTs in the same
diameter and number of tube walls range. However,
systematic measurements on the radial elasticity of small
diameter MW-CNTs are still not available even though
some values were reported in the literature that are mostly
for large-diameter tubes and, in most cases, without the
exact known numbers of tube layers or interpreted using
different contact mechanics models [48, 50–52]. Therefore,
a meaningful comparison of the radial elasticity of these
two types of similar nanostructures is still not available. We
want to mention that a systematic and quantitative study on
the radial elasticity of double- and triple-walled CNTs by
employing the same experimental and theoretical approaches
presented in this paper is currently being conducted by our
group and will be reported in future publications.

2.3. Future model improvements

We want to point out that the BNNTs undergo complex
deformation processes during our AFM-based compression
tests, which involve bending, stretching, and rotation of the
B–N bonds in the nanotube. The employed contact mechanics
model is a simplified continuum model that takes into
account the deformations of all the contacting elements in
our testing system (i.e. the AFM tip, the nanotube, and the
substrate) based on their simplified geometries and contacting
interfaces. While this simplified model helps to facilitate the
interpretation of our experimental measurements, it may also
result in deviations, or even substantial inaccuracy, in the
quantification of the radial deformability of the nanotubes.
Below we briefly summarize the key simplifications and
assumptions on which the present contact mechanics model
is based, and provide some guidelines about how to improve
the current model for future work. First, the cross-section of
the nanotube on the flat substrate is assumed to be perfectly
circular, thus neglecting the cross-section flattening effect
due to its van der Waals interaction with the substrate. This
cross-section flattening effect becomes particularly severe for
large-diameter nanotubes [24]. Second, only the native oxide
layer of the Si substrate is considered in the present model,
while the deformation of the bulk Si underneath the oxide
layer is neglected. Third, the present model does not take
into account the effect of the friction force between the
AFM tip and the nanotube in modeling the deformations of
both the AFM tip and the nanotube. Fourth, the deformed
shapes of the AFM tip and the nanotube, as illustrated in
figure 2(b), likely deviate substantially from their assumed
spherical and cylindrical shapes respectively. All these factors
are essential for a more precise theoretical model that enables
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the interpretation of our experimental measurements in a more
realistic setting. It is noted that it would be an intractable,
if not impossible, task to devise an analytical model to
account for all the above-mentioned geometric corrections
and the friction force component in the analysis of the
radial deformation of the nanotube. Therefore, new theoretical
models based on advanced computational approaches, such as
finite element methods (FEM) and molecular dynamics (MD),
are warranted to further investigate the radial deformation
of BNNTs compressed by AFM probes and provide a more
precise quantification of their radial deformability.

3. Concluding remarks

In this paper, we present a nanoscale experimental study of the
radial mechanical properties of MW-BNNTs synthesized by
PVC methods. The effectiveness of ionic surfactant NaDDBS
in dispersing PVC-synthesized BNNTs was demonstrated.
Our AFM-based nanomechanical measurements reveal the
radial elasticity of MW-BNNTs, including their effective
radial elastic moduli. Our results clearly show that DW-
BNNTs have much higher effective radial moduli than
SW-BNNT within the same diameter range. Particularly, our
measurements directly identify the correlation between the
measured effective radial moduli of BNNTs with both their
outer diameters and their numbers of tube layers. Our results
reported in this paper help us to understand the resisting
capacity of BNNTs to transverse loads and their cross-section
configurations in bundle and yarn structures, or when they are
in contact with other materials surfaces, and thus contribute
directly to a complete understanding of their fundamental
structural and material properties and the pursuit of their novel
structural and electronics applications.

4. Experiments and methods

4.1. BNNT sample preparation

The employed BNNTs were synthesized using a pressurized
vapor/condenser (PVC) method and were confirmed to
possess highly crystalline, very thin and long structures [23].
As-synthesized BNNTs were separated in deionized (DI)
water by ultrasonication for 1–2.5 h with the aid of
sodium dodecylbenzenesulfonate (NaDDBS) purchased from
Sigma-Aldrich, Co. After centrifugation at 2000 rpm, small
drops from the top portion of the BNNT solution were
deposited on clean Si wafers or copper grids with lacey
support films (Ted Pella, Inc.) and then repeatedly washed
using DI water to remove residue surfactants. BNNT samples
were then air-dried for TEM and AFM measurements.

4.2. TEM characterization

The high resolution transmission electron microscopy
(HRTEM) characterization of BNNTs was performed using
a JEM 2100F TEM (JEOL Ltd) operated at accelerating
voltages of 120–200 kV.

4.3. AFM characterization

All AFM imaging and nanomechanical measurements were
performed using a Park Systems XE-70 AFM at room
temperature in ambient environment. The employed AFM
is incorporated with a closed-loop feedback control feature
in XYZ axes. Tapping-mode AFM was performed using
silicon AFM probes (model T-190, VistaProbe) with a
nominal spring constant of 48 N m−1. Contact-mode AFM
measurements were performed using silicon AFM cantilevers
(model CSG 11, NT-MDT) with nominal spring constants
of 0.01–0.08 N m−1. The actual spring constant of each
employed CSG 11 AFM cantilever was calibrated using the
thermal tuning method based on equipartition theory [53,
54] and was found to be in the range of 0.04–0.09 N m−1.
The thermal-induced rms deflection noise of the employed
AFM probes at the tip position in the 1–500 Hz bandwidth
was measured to be 0.71 Å, and the corresponding rms
force noise is calculated to be about 3–7 pN. For the BNNT
radial elasticity measurements, as illustrated by figure 2(a),
the silicon AFM tip is controlled to scan an individual
BNNT on the substrate in contact mode at a specified
compressive load with the scanning direction perpendicular to
the tube axis. The employed AFM scanning rate and scanning
length were 50 nm s−1 and 400–800 nm, respectively. The
applied compressive load is calculated as the product of
the spring constant of the AFM probe and its vertical
deflection that was measured with sub-angstrom resolutions
using laser-reflection schemes. The closed-loop feedback
control feature of the employed AFM enables angstrom-level
positioning resolutions and allows repeated contact-mode
scanning of the same position on one BNNT at a variety of
compressive loads.

4.4. Hertzian contact mechanics modeling

In our measurement, the BNNT’s radial deformation under a
compressive load is considered to be a quasi-static process.
The measured cross-section height (h, see figure 2(b)) of a
BNNT on a flat Si substrate under a compressive load P is
given by [17, 47]

h = 2h0 −

(
P

k1
√

h0

)2/3

−

 P

k2

√
[1/h0 + 1/Rtip]

−1

2/3

+

(
P

k3
√

Rtip

)2/3

,

k1 =
4
3

(
1− v2

nt

Erad
nt
+

1− v2
sub

Esub

)−1

,

k2 =
4
3

(
1− v2

tip

Etip

)−1

,

k3 =
4
3

(
1− v2

tip

Etip
+

1− v2
sub

Esub

)−1

,

(1)

where E and v represent the elastic modulus (effective
radial elastic modulus for BNNTs) and the Poisson’s ratio,
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respectively, for materials of BNNTs (subscript-nt), AFM tips
(tip), and substrates (sub). On the right side of equation (1),
the second term represents the deformations of both the
nanotube and the substrate due to the nanoindentation of
the nanotube–substrate system. The third term represents the
deformation of the AFM tip due to its contact with the
nanotube, in which the nanotube is considered as a rigid
body to avoid double-counting its deformation. The last term
represents the deformation of the Si substrate due to the
nanoindentation of the AFM tip. A native oxide layer of
∼2 nm in thickness was measured on the surface of the Si
substrates using ellipsometry (Model Uvisel, Horiba, Ltd).
We reasonably assume similar oxide layers on the surface
of the employed silicon AFM tips [55]. The materials for
both the AFM tip and the substrate are considered to be
native silicon oxide with an elastic modulus of 74 GPa and
a Poisson’s ratio of 0.16, while a Poisson’s ratio vnt = 0.2 is
considered for BNNTs in the present Hertzian model [17]. h0
represents the original cross-section height of the nanotube on
the substrate and is estimated through fitting and interpolation
of the measured height h versus the applied load P curve
to zero load using power functions. The radius of curvature
of the employed AFM tips, Rtip, is estimated to be about
25 nm based on the geometrical deconvolution relationship
Rtip = ω

2/81, in which 1 and ω are the measured height
and the apparent width of a nanotube in the AFM scanning
image [56]. In our data analysis, we assume that the tested
BNNTs undertake circular cross-sections on the substrate, and
neglect the effect of van der Waals interactions between the
nanotube and the substrate on the flattening of the nanotube
cross-section [24]. It is noted that the Hertzian model does
not take into account the nanotube deformations caused by the
friction forces among all the elastic components, which are
assumed to be much smaller compared with the deformations
caused by the compressive load.
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