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Quantifying the transverse deformability of double-walled carbon and boron
nitride nanotubes using an ultrathin nanomembrane covering scheme
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We investigate the characterization of the transverse deformability of double-walled carbon and
boron-nitride nanotubes (i.e., DWCNTs and DWBNNTSs) using an ultrathin nanomembrane
covering scheme. Monolayer graphene oxide sheets (MGOSs) with a sub-nm thickness are used to
cover individual double-walled nanotubes on flat substrates. Nanotube cross-section height
reduction occurs due to the compression force exerted by the covering membrane, whose
morphological conformation is governed by its bending/stretching rigidities and adhesion
interaction with the substrate, as well as the radial height and rigidity of the underlying nanotube.
The actual transverse deformation of the underlying tube and its effective radial modulus are
quantified through interpreting the measured structural morphology of the covering membrane and
the nanotube cross-section height reduction using nonlinear structural mechanics and Hertzian
contact mechanics theories. The radial deformations in MGOS-covered tubes are found to
positively correlate with the nanotube radial rigidity, thus, increasing with the nanotube outer
diameter and decreasing with an increase of the number of tube walls. Our results reveal prominent
radial strains of about 20% for DWCNTSs of 3.55nm in outer diameter, while about 24% for
DWBNNTs of 3.85nm in outer diameter. Our data about the effective radial moduli of individual
DWCNTs and DWBNNTSs are in reasonably good agreement with those obtained using atomic
force microscopy-based compression methods. Our work shows that the nanomembrane covering
scheme is promising as a quantitative technique for studying the radial rigidity of individual tubular

nanostructures. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766758]

. INTRODUCTION

Carbon and boron nitride nanotubes (i.e., CNTs and
BNNTSs) are two types of one-dimensional tubular nanostruc-
tures with similar atomic architectures.'™ CNTs are made of
covalent C-C bonds, while BNNTSs are composed of partially
ionic B-N bonding networks. Both CNTs and BNNTSs pos-
sess extraordinary and largely comparable mechanical, ther-
mal, and chemical properties.4 However, their electrical
properties are distinctly different. Unlike the metallic or
semiconductive properties for CNTs, BNNTs are excellent
insulators with band gaps of about 5-6eV.>>° Radial
deformability of both types of tubes is important to their
structural and physical properties. The radial rigidities of
these tubular nanostructures determine whether they under-
take circular or hexagonal cross-sectional configurations in
tube bundles’ or flattened configurations when they are in
contact with other materials surfaces.® Both experimental
and theoretical studies show that the radial deformations of
CNTs and BNNTs have influential impacts on their elec-
tronic structures (e.g., band gaps) and conductivities.” ">
Therefore, understanding the radial deformability of these tu-
bular nanostructures and ultimately having a good command
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of their radial deformations are of great significance to the
tuning of their structural, mechanical, and electrical proper-
ties and applications.

The most commonly used method to characterize the ra-
dial deformability of nanotubes is the atomic force micros-
copy (AFM)-based compression testing technique,'>*? in
which a sharp AFM tip is controlled to transversely com-
press individual tubes lying on flat substrates. Nanotubes
deform elastically under relatively small compressive loads
and their effective radial moduli, a key physical quantity rep-
resenting their radial deformability, can be quantified by
interpreting the measured nanotube cross-section height ver-
sus compressive load profiles using contact mechanics theo-
ries. Under large compressive loads, nanotubes undertake
substantial transverse deformations and may eventually
deform plastically.?® Therefore, substantial permanent radial
deformations in individual nanotubes can be manufactured
with high spatial resolutions using this AFM nanomanipula-
tion technique, which has been experimentally demon-
strated.”>?’ Tt is noted that the AFM-based nanotube radial
deformation engineering approach is a sequential and slow
process as it typically requires multiple visualization and
manipulation steps. Therefore, it is practically infeasible for
large scale manipulation and integration. Recently, a new
ultrathin nanomembrane covering scheme capable of manu-
facturing prominent radial deformations in CNTs and

© 2012 American Institute of Physics
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BNNTs in a simple and scalable manner was proposed and
demonstrated by our research group.>* By covering individ-
ual nanotubes using monolayer graphene oxide sheets
(MGOSs), substantial radial deformations occur to the cov-
ered tube segment, which is ascribed to the fact that the cov-
ering MGOS conforms to and transversely compresses the
underlying tube as a result of its adhesion binding interaction
with the substrate. For single-walled CNTs and BNNTs (i.e.,
SWCNTs and SWBNNTS), our prior studies reveal that the
magnitude of the engineered nanotube radial deformation
using the MGOS covering scheme is inversely correlated to
the nanotube outer diameter. Because the effective radial
moduli of tubular nanostructures depend on their geometric
configurations (e.g., the number of tube walls and the outer
diameter), it is plausible that the radial deformability of
nanotubes can be quantified using this membrane covering
scheme through correlating their effective radial moduli with
their geometric configurations and membrane covering-
induced radial deformations. Technically, the membrane
covering scheme allows the quantification of the radial
deformability of the underlying nanotube through measuring
its cross-section heights for both the uncovered and the
membrane-covered tube segments, which can be handily car-
ried out inside an AFM with a sub-angstrom vertical dis-
placement detection resolution.

In this paper, we investigate the quantification of the ra-
dial deformability of double-walled CNTs and BNNTs (i.e.,
DWCNTs and DWBNNTSs) using the membrane covering
scheme. We choose double-walled nanotubes (DWNTs)
made of carbon and boron-nitride as our model systems in
this study for several reasons. First, these DWNTSs are struc-
turally the simplest multi-walled nanotubes and have
recently attracted a great deal of attention due to their supe-
rior mechanical and electrical properties as well as the
unique freedom for surface modification of their outer walls
while keeping their inner walls intact.”> They are being pur-
sued for a variety of engineering applications, such as nano-
composites,”®*’ electronics,”*>° transport,’! and sensing
devices.* Second, determining the number of tube walls in
individual nanotubes is an essential, but challenging task in
our study, because the commonly used high resolution trans-
mission electron microscopy (HRTEM) technique can not be
utilized to visualize nanotubes staying on Si substrates. We
employ a nanotube flattening technique'®?' to quantify the
number of tube walls in each nanotube by means of meas-
uring its cross-section height when it is transversely com-
pressed to nearly flattened configurations. Theoretically, the
cross-section height of a completely flattened tube shall be
proportional to its number of tube walls. Using tubes of few
wall numbers simplifies this task and helps to reduce the
error in assigning the number of tube walls. Third, since the
radial rigidity of nanotubes increases with their numbers of
walls, the radial deformation induced by the membrane cov-
ering may become minuscule and undetectable for tubes
with a large number of tube walls. Last, the knowledge of
the radial deformability of DWNTSs obtained in our study is
useful to a better understanding of the load transfer and
energy absorption mechanisms in these transversely com-
pressed tubular nanostructures and to the development of
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theoretical tools capable of predicting their transverse me-
chanical properties and optimizing design and performance
of their structural and mechanical applications (e.g., nano-
composites). By using high resolution AFM imaging techni-
ques, the engineered radial deformations in both DWCNTSs
and DWBNNTs as a result of MGOS-covering are found to
expectedly increase with their outer diameters and be sub-
stantially smaller than those of their respective single-walled
counterparts with the same outer diameter. The effective ra-
dial modulus of each tested tube is quantified based on its
measured radial height reduction using a contact mechanics
model and is found to be consistent with those obtained
using the AFM-based compression method. Our results show
that the membrane covering scheme is not only useful to
manipulate radial deformations in individual nanotubes in a
simple and scalable fashion but also promising as a quantita-
tive technique for studying the radial rigidity of individual
nanotubes.

Il. RESULTS AND DISCUSSION

A. The membrane-covering-nanotube scheme and
governing equations

The membrane-covering-nanotube scheme is illustrated
in Figure 1(a), in which one DWNT lying on a flat substrate
is partially covered by a thin and uniform membrane.** Fig-
ure 1(b) shows schematically the cross-sections of a DWNT
with a height of %, (left) and the corresponding membrane-
covered tube configuration with a reduced height 4 and a
membrane spanning width L (right), respectively. The
reduced nanotube cross-section height % refers to the height
difference of the membrane from the position right on top of
the underlying tube to its position of the flat covering of the
substrate. The membrane conforms to the underlying tube as
a result of a balanced competition between the membrane’s
bending and stretching stiffnesses and the adhesion interac-
tions of the membrane with the substrate and the nanotube.
Consequently, the membrane imposes a compressive load P
to mechanically deform the underlying tube along its trans-
verse direction. The existence of the underlying tube essen-
tially enforces the delamination of the membrane from the
substrate. The separation of the two delamination fronts at
x = *L/2 defines the spanning width (L) of the covering
membrane. Therefore, the structural morphology of the cov-
ering membrane is governed by its bending and stretching
rigidities and adhesion interaction with the substrate as well
as the radial height and rigidity of the underlying tube. Fig-
ure 1(c) illustrates the free-body diagram for one-half of the
covering membrane including the adhesion interactions of
the membrane with the nanotube and the substrate. The
membrane is subjected to a vertical shear force Vp (per unit
length, same for all other forces), a horizontal normal force
Tg, and a bending moment Mp at the position B. f;,, and f;,
represent the vertical forces exerted on the membrane (m) by
the substrate (s) and the tube (#), respectively. It is noted that
the normal force Ty is balanced by the shear and friction
forces between the membrane and the substrate/the nano-
tube, which are not shown in Figure 1(c) and are strong
enough to keep the membrane at a standstill. In the absence
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FIG. 1. (a) Schematic of a DWNT on a flat substrate
partially covered by a thin membrane. (b) Schematics
of the cross-sections of a DWNT (leff) and a
membrane-covered DWNT (right) on a flat substrate.
(c) Free-body diagram of one-half of the covering mem-
brane with the consideration of the adhesion interac-
tions of the membrane with the nanotube and the
substrate. The dotted curve represents one-half of the
tube cross-section. (d) Simplified free-body diagram of
the covering membrane segment AB with the lumped
loads at its ends.
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of humidity, all these adhesion interaction forces can be
ascribed as the van der Waals (vdW) interactions and be
modeled using the Lennard-Jones potential, provided that the
exact atomic composition and configuration of the contacting
bodies are known. It is noted that the substrate-regulated
nanomembrane deformations have recently been studied
based on a monolayer graphene model using both continuum
and molecular mechanics theories.*® > For nanomembranes
such as MGOSs used in this study, the exact atomic compo-
sition and configuration of the contacting interface are typi-
cally unknown. Therefore, it is prudent to employ a
simplified atomic or continuum model. In this study, we
adopt a continuum mechanics model and take into account
the adhesion interaction forces using lumped forces and
moments, which are illustrated in the simplified free body
diagram shown in Figure 1(d). At the position B, the mem-
brane is subjected to a vertical force P/2, one-half of the
compressive load applied on the nanotube, a stretching force
T and a bending moment M. As a result of equilibrium, the
same set of loads of opposite directions is applied on the

membrane at the delamination front A. The structural mor-
phology of the covering membrane, w(x), is given by**

d*w P (L
DmW:TXW—f—MQ—E E—l—x 5 (1)
E,.f

where D,, = is the bending stiffness of the membrane

12(1-v3)
with E,, t, and v,, as its Young’s modulus, thickness, and
Poisson’s ratio, respectively. The stretching force in the
membrane T can be estimated from the length increase of the

membrane as revealed by our prior study?* and is given by

0 dw\ 2 L
1+(— ) dx—=]. (@
[y (@) es) o

g _ 2E,t

T = E,t
L L

It is noted that L, the spanning width of the covering mem-
brane, is a physical quantity that is measured directly from
the experiment. The bending moment at the delamination
front M, can be obtained from its balanced equilibrium with
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the adhesion interaction of the membrane with the substrate
and is given by®®

My = \/2G X Dy, 3)

where G is the adhesion energy per unit area or energy
release rate at the delamination front. The corresponding
boundary conditions for the deformed membrane shown in
Figure 1(d) are given as follows:

At the delamination fronts (x = *=L/2),
w=0 and dw/dx = 0; (4a)

At the middle point (x = 0), w = h,anddw/dx = 0. (4b)

For a given compressive load P, the structural morphology
of the covering membrane can be obtained by numerically
solving the equation sets (1) to (3) together with the bound-
ary conditions in Egs. (4a) and (4b). In addition to the nu-
merical solution, a closed-form analytical solution is desired
to understand the correlation among all the relevant physical
quantities in a simple and straightforward manner.

The boundary conditions given in Eq. (4) suggest that
the morphology of the covering membrane can be approxi-
mated by the following third-order polynomial equation:

w(x) :4h<3<z+;)2 —4<x+;>3> . x=[-L/2,0].
(5)

By inserting Eq. (5) into Eq. (1) and applying the boundary
conditions, we can obtain

P = (4hT + 8M,) /L. (©)

For the covering membrane with a small slope that was
revealed by our AFM measurements (i.e., v 1), the

stretching force T in the membrane can be approximated as

T = 12,0 by applying Eq. (5) into Eq. (2) and considering

512
that /1 + (%)2 ~1+1 (%)2. Therefore, the compressive

load P can be obtained from Eq. (6) as

b A8E,, i3 N 8 |G E,B o
513 L\ 61—v,2%

It can be clearly seen from Eq. (7) that the compressive load
P is positively correlated with the quantities E,,, ¢, h, and G,
while inversely correlated with the membrane spanning
width L. It is shown in Sec. II B that the results obtained
from Eq. (7) agree well with those numerical solutions
obtained directly from solving Eq. (1).

From the measured nanotube height reduction and the
calculated compressive load P, the effective radial modulus
of the underlying tube is quantified using a contact mechan-
ics model. For thin membranes with high Young’s modulus
(e.g., graphene and MGOS), their deformations along the
thickness direction can be reasonably ignored. Therefore, the
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nanotube height reduction, Ah = hy — h, is ascribed to
the deformations of the nanotube and the substrate. The
nanotube-substrate contact system is simplified as a cylindri-
cal body in contact with a flat substrate under a uniformly
distributed compressive line load P. Here, the effect of vdW
interactions between the tube and the substrate on the flatten-
ing of the tube cross-section® is neglected and the original
uncovered nanotube is assumed to undertake a perfectly cir-
cular cross-section. The combined nanotube-substrate defor-
mation equals the nanotube cross-section height reduction
Ah=hy— h and is given by>’

1= 112 24
Ah _p ( EVnt =+ Evsub> 1 + lOg 1 za — 7
TE T gy I=vi ¢ 7V
' b Pho ( TE nE.vuhI )

®)

where E,, is the effective radial modulus of the nanotube and
E,,.;, is the Young’s modulus of the substrate. v,, and vy, are
the Poisson’s ratios of the nanotube and the substrate, respec-
tively. a is the length of the nanotube segment covered by
the membrane. The effective radial modulus of the nanotube
E,; can be obtained numerically from Eq. (8), provided that
the compressive load P and the nanotube height reduction
Ah are known. Below, we demonstrate that the quantification
of the effective radial moduli of DWCNTs and DWBNNTSs
using the above-mentioned governing equations for the
membrane-covering-nanotube scheme.

B. AFM measurements of MGOS-covered nanotubes

The MGOS-covered nanotube samples were prepared by
following the protocol reported in our prior study,?* which is
briefly described here. The employed DWCNTs and
DWBNNTSs were synthesized using chemical vapor deposi-
tion (CVD)* and pressurized vapor/condenser (PVC) meth-
ods,*! respectively. GO sheets were synthesized following a
previously reported method,** with a carbon to oxygen atomic
ratio of 2.06 measured using X-ray photoelectron spectros-
copy (XPS). Both CNTs and BNNTs were dispersed in an
aqueous solution using ultrasonication with the aid of ionic
surfactants.”’ Dispersed nanotubes were first deposited on
clean Si wafers and subsequently rinsed multiple times with
deionized (DI) water to remove residue surfactants, followed
by the deposition of the GO sheet suspension in DI water by
means of spin coating. All the GO sheet-covered nanotube
samples were dried at 90°C for 12h. The HRTEM images
shown in Figures 2(a) and 2(b) display the representative
DWCNT and DWBNNT samples employed in our study.

The GO-covered nanotube samples were examined
using a Park Systems XE-70 AFM operating at room temper-
ature inside a sealed chamber backfilled with dry nitrogen
gas. The employed AFM operates in contact mode using sili-
con AFM probes (model CSG 01, NT-MDT) with nominal
spring constants of 0.01-0.08 N/m. The actual spring con-
stant of each employed AFM cantilever was calibrated using
the thermal tuning method based on equipartition theory****
and was found to be in the range of 0.04-0.09 N/m. The
thermal-induced rms deflection noise of the employed AFM
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FIG. 2. (a) Representative HRTEM image of one DWCNT (/eft) and AFM image of one MGOS-covered DWCNT (right). (b) Representative HRTEM image
of one DWBNNT (/eft) and AFM image of one MGOS-covered DWBNNT (right). (c) and (d) The measured tube height in the vicinity of the covering mem-
brane edge for the MGOS-covered tubes shown in (a) and (b), respectively. The horizontal axis represents the position along the nanotube axis. (e) and (f)
Comparison of the respective cross-section profiles of the uncovered portion (dark green curve) and the MGOS-covered portion (dark red curve) of the tubes
shown in (a) and (b), respectively. The profiles are plotted based on the measured height data marked in the green and red boxes shown in the AFM images in
(a) and (b). The blue-color fitting curves are plotted based on Eq. (5) for the respective profiles in dark red.

probes at the tip position in the 1-500 Hz bandwidth was phologies of both the covering membrane and the underlying
measured to be 0.71 A using the laser reflection scheme, and  nanotube. Our AFM imaging measurements show that
the corresponding rms force noise is calculated to be about MGOS has a height of 1.5 nm with a rms value of 0.1 nm on
3-7 pN. For AFM imaging measurements, a set point of 0.05 flat Si substrates. Only MGOS-covered nanotubes were
nN was used to minimize its impact on the structural mor- selected for analysis.
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FIG. 3. (a) The respective dependences of the measured cross-section height
reduction for MGOS-covered DWCNTs and DWBNNTSs on the nanotube
outer diameter. (b) Experimentally measured MGOS spanning length L.

The AFM image in Figure 2(a) shows one MGOS-
covered CNT, in which the left portion of the tube is covered
by the membrane. Figure 2(c) shows the variation of the
nanotube height around the edge of the covering membrane,
which displays a sharp transition at the position of the mem-
brane edge. The uncovered tube cross-section height is meas-
ured to be about 3.15 nm, while about 2.62 nm for the height
of the covered tube segment, both of which are marked by
the dotted lines in Figure 2(c). Therefore, the cross-section
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height reduction for this tube as a result of the MGOS cover-
ing is Ah = 0.53 nm. The green and red curves in Figure 2(e)
show the respective cross-section profiles of the uncovered
and the MGOS-covered portions of the nanotube based on
the AFM-measured height data marked in the green and red
boxes in Figure 2(a). The membrane spanning width L for
this tube is measured to be 34 nm from the red curve. Similar
measurements on one MGOS-covered BNNT are shown in
Figure 2(b). From the measured curves presented in Figures
2(d) and 2(f), the original and the MGOS-covered tube
heights are measured to be 2.37nm and 2.06 nm, respec-
tively, indicating a height reduction of 0.31 nm. The corre-
sponding membrane spanning width L is measured to be
22 nm. Figures 2(e) and 2(f) also include the respective fit-
ting curves (blue curves with R-squared values of 99.9% and
99.1%, respectively) to the AFM measured GO-covered
nanotube profiles (red curves) based on Eq. (5), which dis-
play good agreement. Our results clearly show that the struc-
tural morphology of the covering membrane can be
reasonably approximated by Eq. (5).

Figure 3(a) shows the dependences of the nanotube
cross-section height reduction as a result of the MGOS cov-
ering on the nanotube outer diameter, based on measure-
ments of 18 different BNNTSs and 15 different CNTs, whose
original tube outer diameters are measured to be within 1.9
to 3.9nm. The nanotube outer diameter here is defined as
D,, = hy —t,, in which #,,=0.34nm is the inter-layer dis-
tance of both the graphene and B-N sheets.'”*! One of the
essential tasks is to ensure that the tubes we analyzed are
indeed double-walled. We performed nanotube flattening
measurements' on some of the tested BNNTs and CNTs to
determine their numbers of tube walls and the key measured
and calculated data are listed in Table I for six selected
tubes. For nanotube flattening tests, the extruding portion of
a MGOS-covered nanotube is squeezed by the same AFM
tip used for imaging with a compressive load of 50 nN. To
minimize the effect of the covering membrane, the position
chosen for the flattening test is away from the edge of the
covering membrane. It is noted that both the AFM tip and
the substrate deform as well during the nanotube flattening
process. Therefore, the actual cross-section height of a nearly
flattened nanotube is calculated as the measured tube cross-
section height plus the combined deformation of the AFM
tip and the substrate, the latter of which is estimated using a
Hertzian contact model. The contacts among the AFM tip,
the nanotube and the substrate are simplified as a

TABLE I. List of the key experimentally measured and calculated parameters in the nanotube flattening measurements for six selected MGOS-covered CNT

and BNNT samples.
Original tube Measured tube Combined AFM tip and substrate Actual tube height Assigned number

Sample # cross-section height (nm) height at P =50 nN (nm) deformation at P = 50 nN (nm) at P =50 nN (nm) of tube walls
CNT #1 2.80 0.94 0.56 1.50 2

CNT #2 2.46 0.98 0.60 1.58 2

CNT #3 3.23 0.95 0.52 1.47 2

BNNT #1 3.20 0.94 0.50 1.44 2

BNNT #2 2.79 0.92 0.53 1.45 2

BNNT #3 2.15 0.95 0.59 1.54 2
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nanoindentation system including a spherical tip, a cylindri-
cal tube and a flat substrate. By assuming the tube is a rigid
body, the combined deformation of the AFM tip and the sub-
strate A is estimated as'®%?

2/3
A— § 1 - v?ub L
4 Exub \/%

2
T Y P ©)
4\ E, = I
" [1/ho + 1/Rp) ™!

2/3

where E and v represent the elastic modulus and the Pois-
son’s ratio, respectively, for materials of the AFM tip (sub-
script-tip) and the substrate (sub). The first term on the right
side of Eq. (9) represents the deformation of the substrate,
while the second term represents the deformation of the
AFM tip. The materials for both the AFM tip and the sub-
strate are considered to be native silicon oxide with an elastic
modulus of 74GPa and a Poisson’s ratio of 0.16.> The
radius of curvature of the employed AFM tips, R;;,, is esti-
mated to be about 25 nm based on the geometrical deconvo-
lution relationship R, = ®?/8A, in which A and w are the
measured height and the apparent width of a nanotube in the
AFM scanning image.*> All six tubes listed in Table I are
confirmed to be double-walled based on their flattened tube
heights, which are found to be in the range of 1.44-1.58 nm,
quite close to the theoretical value of 1.36 nm for a com-
pletely flattened DWCNT or DWBNNT.

Our data presented in Figure 3(a) consistently show that,
for both types of tubes, the nanotube height reduction
increases with the nanotube outer diameter, indicating that
the nanotube height reduction is positively correlated with
its radial rigidity. This observation is also consistent with the
fact that DWBNNTSs deform more in their transverse direc-
tion as a result of the MGOS covering compared with
DWCNTSs of the same outer diameter, which can be ascribed
to the fact that DWBNNTSs possess relatively lower effective
radial moduli than their pure carbon counterparts.?'*® Figure
3(b) shows the measured membrane spanning width for all
the tested tube samples. For both CNTs and BNNTs, the
measured membrane spanning width displays a comparable
and slightly increasing trend with the nanotube outer
diameter.

C. Effective radial moduli of DWCNTs and DWBNNTs

The effective radial moduli of those DWCNTs and
DWBNNTSs covered by MGOSs are obtained using Eq. (8)
based on the measured nanotube height reduction as shown
in Figure 3(a) and the calculated compressive load P that is
exhibited in Figure 4. The solid and empty data points in Fig-
ure 4 represent the calculations based on Eqgs. (1) and (7),
respectively, which display good agreement. The following
parameters are employed in the calculation: E,, =207 GPa,
t=0.7 nm,47 v, =0.19, and G =0.038 J/m>2* The average
difference between the results for the MGOS-covered
BNNTs is 4%, while 2.7% for the MGOS-covered CNTs.
Our results show that Eq. (7) can be used confidently to
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FIG. 4. The dependences of the calculated per-unit-length compressive load
applied on DWCNTs and DWBNNTSs on the nanotube outer diameter. The
solid circles and squares represent results obtained based on Eq. (1), while
the empty circles and squares represent results obtained based on Eq. (7).

predict the compressive load applied on the underlying
nanotube by the covering membrane. Furthermore, the corre-
lations among all the involved quantities revealed by Eq. (7)
are useful for the design and optimization of the membrane
covering scheme for the purpose of engineering the radial
deformation in tubular nanostructures.

The effective radial moduli of the tested tube samples,
calculated using Eq. (8), are shown in Figure 5. Our results
show that the effective radial moduli for both types of tubes
expectedly decrease with an increase of the tube outer diame-
ter and DWCNTs possess higher effective radial moduli than
DWBNNT of the same outer diameter. It is noted that the
data corresponding to those tubes characterized in the nano-
tube flattening tests and listed in Table I follow their respec-
tive trends very well and provide a strong support that all the
tubes presented in this paper are double-walled. For a compar-
ison purpose, Figure 5 also includes the data about the

50
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FIG. 5. Comparison between the calculated effective radial modulus data
for DWCNTs (solid circles) and DWBNNTS (solid squares) based on Eq.
(8) with those data reported in the literature. The DWBNNT data repre-
sented by empty squares are reproduced from Ref. 21; while from Ref. 46
for the DWCNT data represented by empty circles.
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effective radial moduli of both DWCNTs and DWBNNTSs
obtained using AFM-based compression methods,*"*® which
display reasonably good agreements with our data obtained
using the MGOS-covering scheme. Our results clearly dem-
onstrate that the membrane covering scheme can be used to
quantify the radial rigidity of tubular nanostructures.

We also examine the actual cross-section deformation of
the nanotube induced by the MGOS covering. By consider-
ing the substrate as a rigid body, the actual radial deforma-
tion of the nanotube, dd, can be obtained using Eq. (8).
Figure 6 shows the dependences of the actual nanotube radial
deformation strain &/, defined as ¢’ = 3%, on the tube
outer diameter for both DWCNTs and DWBNNTs. Our
results show that £/%¢ increases, in nearly linear fashion, with
the tube outer diameter for both types of tubes. For
DWCNTs, the engineered radial strain increases from 7%
for tubes of 1.9nm in outer diameter to 20% for tubes of
3.55nm in outer diameter. For DWBNNTSs, the radial strain
increases from 12% to 24% for tube outer diameters in the
range of 1.9 to 3.85 nm. Our results reveal that DWBNNTSs
consistently deform more along their transverse directions
than comparable DWCNTs, with the difference of about
3-5% in radial deformation strain within the measured tube
diameter range. It is noted that the observed radial deforma-
tions for those double-walled tubes are found to be signifi-
cantly lower than their respective comparable single-walled
counterparts, which can be ascribed to their differences in ra-
dial rigidity. For a comparison purpose, our recently reported
results on the radial deformations of MGOS-covered
SWCNTs and SWBNNTSs?* are also plotted in Figure 6. For
tubes of 2 nm in outer diameter, the MGOS covering induced
radial strains in SWCNTs and SWBNNTSs are measured to
be 29.5% and 40.5%, respectively, compared with 12% for
DWCNTs and 16% for DWBNNTSs. Therefore, the engi-
neered radial deformation in nanotubes using the membrane-
covering scheme decreases with the increase of the number

o
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SWCNT

DWBNNT [ |
DWCNT
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)
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Nanotube Radial Deformation Rate (%)
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FIG. 6. The respective dependences of the MGOS covering induced actual
nanotube radial strain on the nanotube outer diameters for both single- and
double-walled CNTs and BNNTs. The data for SWCNTs and SWBNNTSs
are reproduced from Ref. 24. The solid lines are the linear-fitting curves of
the respective data sets.
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of tube walls, which is largely expected due to the fact that
the nanotube radial rigidity is positively correlated with the
number of tube walls.

D. Remarks for future improvement in both
experiments and modeling

Our work presented in this paper demonstrates the feasi-
bility of employing the membrane-covering scheme as a
quantitative technique to study the radial rigidity of tubular
nanostructures. Below, we discuss some of the issues related
to both the membrane selection and the modeling of the
membrane-covering scheme, which can be considered in the
future study of this technique. In our study, MGOS is
employed as our model membrane primarily due to its ease
in synthesis and processing. Because MGOS is water soluble
and can be processed using well-established micro/nanofab-
rication techniques, the MGOS-covering scheme can be used
for large-scale manipulation of radial deformations in nano-
tubes.”* Besides GO sheets, monolayer or a few layer gra-
phene sheets can be used as the covering membranes due to
their high elastic modulus (1 TPa*® versus 207 GPa for
MGOS*’) and strong adhesion interaction with the substrate
(up to 0.45 J/m? for graphene with Si substrates**°). There-
fore, the compressive load applied on the underlying nano-
tube from using monolayer graphene is expected to be
substantially higher compared with MGOS. It is noted that
other factors such as the synthesis, processing, and properties
of graphene may also influence its usage in the membrane
covering scheme. For instance, graphene is not water-
soluble. Therefore, the spin-coating technique used for mem-
brane deposition that works well for MGOS may fail to work
for graphene. Graphene is an excellent conductor and will
interfere with the electron transport in the underlying
nanotube.

The accuracy of the quantification of the nanotube’s ra-
dial effective modulus relies heavily on the theoretical mod-
els about the structural morphologies of the covering
membrane and the underlying nanotube. The governing
equations presented in this paper are based on simplified
continuum models for both the membrane and the nanotube.
The adhesion interactions as well as the shear and friction
forces among all the contacting bodies are considered in the
form of lumped forces. In addition, the deformation of the
underlying nanotube involves bending, stretching, and rota-
tion of the chemical bonds in the nanotube. The employed
contact mechanics model, on which both Egs. (8) and (9) are
based, is a simplified continuum model that takes into
account the deformations of the contacting bodies (i.e., the
nanotube and the substrate) based on their simplified geome-
tries and contacting interfaces, while neglecting delicate fea-
tures such as the effect of the adhesion force on the
conformation of the nanotube and the deformation of the
bulk Si underneath the oxide layer. For this aspect, our
model is valid only for those tubes of relatively small diame-
ters, which possess high radial rigidities and have circular or
nearly circular tube cross-sections on flat substrates. More
precise modeling of the deformations of the membrane and
the nanotube based on advanced computational approaches,
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such as finite element methods (FEM) and molecular dynam-
ics (MD), is warranted in the future study of this technique.

lll. CONCLUSIONS

In this paper, we present a study of characterizing the
transverse deformability of DWCNTs and DWBNNTSs using
an ultrathin nanomembrane covering scheme. The structural
morphologies of the MGOS-covered nanotube were meas-
ured by AFM and interpreted using structural and contact
mechanics models. A closed-form analytical solution was
derived to predict the compressive load exerted on the under-
lying tube by the covering membrane. The engineered radial
strains in the MGOS-covered tubes are found to increase
with the nanotube outer diameter and decrease with the
increase of the number of tube walls. Our data on the effec-
tive radial moduli of individual DWCNTs and DWBNNTSs
obtained using the membrane-covering scheme are in rea-
sonably good agreement with those obtained using AFM-
based compression methods. Our work shows that the
nanomembrane-covering scheme is promising as a quantita-
tive technique for studying the radial rigidity of individual
nanotubes.
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