NANO
LETTERS

Direct Force Measurements and Kinking ol ot

under Elastic Deformation of Individual 21462151
Multiwalled Boron Nitride Nanotubes

Dmitri Golberg,* - Pedro M. F. J. Costa, T Oleg Lourie, ¢ Masanori Mitome, *
Xuedong Bai, *!' Keiji Kurashima, T Chunyi Zhi, ¥ Chengchun Tang, T and
Yoshio Bando **

Nanoscale Materials Center, International Center for Young Scientists, National
Institute for Materials Science, Namiki 1-1, Tsukuba, Ibaraki 3050044, Japan, and
Nanofactory Instruments AB, Walleriusgatan 2, SE-4128%farg, Sweden

Received April 12, 2007; Revised Manuscript Received May 14, 2007

ABSTRACT

Individual multiwalled boron nitride nanotubes of different diameters (40 —100 nm) were bent inside a 300 kV high-resolution transmission
electron microscope (TEM) using a new fully integrated TEM ~ —atomic force microscope (AFM) piezodriven holder under continuous recording

of force —piezodisplacement curves. The tubes were gently compressed in situ (i.e., inside the electron microscope) between a piezomovable
aluminum wire and a silicon cantilever. Typically, bending stress values ranging from ~100 to ~260 MPa, and corresponding to elastic moduli
of 0.5-0.6 TPa, were estimated. Tube gross failures were absent up to very large bending angles (in excess of 115 °). Extending the bending
angles beyond 30 —40° resulted in the elastic deformation of BN nanotubes, which proceeded through the propagation of consecutive momentary

kinks. These had the effect of accumulating a bending curvature rather then uniformly curl the tube under the compression load. These kinks

were found to be entirely reversible on reloading with no (or marginal) traces of residual plastic deformation.

A boron nitride nanotube (BNNT) is a structural analog of TEM,'>17 and atomic force microscopes (AFMY setups

a carbon nanotube (CNT) in which alternating B and N atoms have been employed to measure plastic and elastic deforma-
entirely substitute for C atoms in a honeycomb lattice. tion parameters of CNTs. By contrast, for the particular case
BNNTSs are an intriguing nanoscale material. For instance, of BNNTSs, theoretical studies have been far ahead of
in spite of the fact that BNNT is an electrical insulator with experimental ones. It is worth noting that the computations
a 5.5 eV band gapijts electrical response can be tuned by have yielded a number of interesting reséit$* Accord-
doping or deformatiofi* BNNTs have also shown piezo-  jngly, the Yakobson’s group at Rice University theoretically
electric behaviof:° In addition, BNNTs may find interesting  yreated a plastic yield of individual single BN tubular shells
uses in polymeric compositésyith potential to rival or even a4 found that the 5/7/7/5 dipoles (the movement of which

surgl?s.,s CNTs guehto their supber?o_r thermgl de. C_hemri]calgoverns the nanotube deformation/shape variations) appeared
stabilities, straight shapes, superb rigidity, and elasticity. Thus to be energetically more favorable compared to the 4/8/8/4

understanding the mechanical response of BNNTs is a Verycounterpart. This is surprising because the latter configuration

important “nano”-related technological issue. However, to .
: . . would proceed through the generation of homoelemental
date, the mechanical behavior of BNNTs has remained :

. . . . B—B and N-N bonds, which are known to be less stable
basically unexplored. It is worth noting that, for multiwalled than the B-N d therefore intuitivel ted to b
and singlewalled CNTs, several quantitative experimental an the gnes and theretore intuitively expected fo be

Jhermodynamically unfavored. Compared to CNTs, the

tests on bending, compressive, or tensile deformations hav i i
been performed 18 and compared with theoretical estimates [ormation energy of such primary defects was found to be
higher and furthermore remained positive for large strains,

and computation¥ 2! For example, a scanning electron ! _
microscope (SEM) equipped with deformation and manipu- thus suggesting the greater yield stress of BNNTs. Op-
lation staged!13 scanning tunneling microscope (STM)  Positely, thg activation energy of such defects was calgulated
- . — — . to be lower in BNNTS, implying a more thermomechanically
: ﬁg;rgssfﬁgd,{,lr‘agt;ﬁ’;hsoge%{gf"' golberg.dmitri@nims.go.jp. stable behavior at elevated temperatures (or long deformation
’;mternational Center for Young Scientists. times)?324 Also noteworthy, in terms of the elastic behavior
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BNNTSs, while for large tubes, the opposite was assumed to

be true?! In fact, the strain energy for BNNTs was calculated ~ TEM hoider Sicantiever

to become larger than that for CNTat> 40 for (n,n), i.e., m

arm(?ha|r, type tubes. . o . i 2 _i:D v
With respect to the experimental verification of mechanical

differences versus similarities of BNNTs and CNTSs, there
have been very few experiments. In one such study, Chopra
and Zett¥* first measured the elastic modulus of multiwalled
BNNTSs using an alternating current (ac) mechanical reso- Figure 1. Schematics of the experimental setup within an AFM
nance technique inside a TEM and obtained values compa-TEM holder; the inset on the right shows a TEM view of the framed

. o area where an individual multiwalled BN nanotube stretches
rable to those of multiwalled CNTs. Additionally, we have between a sample wire and a silicon cantilever. The position of

recently evaluated the superb multiwalled BNNT flexibility  the tube against the cantilever may be precisely adjusted through
under in situ experiments with a STMTEM Nanofactory piezodriven displacements of the sample wire.

Instruments probing systeth.However, the latter system,
while readily providing the opportunity for precise and well- - compatible software automatically coordinates the final
controlled tube bending/manipulation in tandem wiithv stages, leading to control of the BNNT sample displacement
curve recording under the high-resolution visual monitoring j, addition to controlling the deformation rate. Before the
of nanostructure changes, does not allow the extraction Ofkey data measurements of BNNT bending forces, the4oad
the numerical parameters of deformation. A novel integrated piezodisplacement curves were recorded and calibrated by
AFM—TEM holder equipped with a MEMS force sensor has means of the indentation of a blank Al wire, and relevant
finally enabled the in situ and straightforward quantitative gefficients were introduced into the software menu. All
measurements of the mechanical characteristics of variousoending processes were videorecorded in real-time using a
nanostructured materials. TV-rate charge-coupled device (CCD) camera with a 30
Thus, in the present work and for the first time, we frames/s recording speed. During the experiments, we have
performed the direct force measurements under bending ofcarefully monitored the development of the force-deformation
highly pure, well-structured multiwalled BNNTSs of various process in individual BNNTs up to the bifurcation points
diameters inside a 300 kV high-resolution field-emission during compressive bending/buckling. On the basis of the
JEOL transmission electron microscope. This allowed us to model adopted from the classical mechanfe;18293%the
unambiguously evaluate the bending stresses and to estimatelastic modulus of BNNTs undergoing deformation has been
the elastic modulus of individual BNNTs while carefully evaluated.
surveying for possible tube lattice changes during elastic  |nitially, we should note that the pure BNNTSs used in the
bending. In addition, the real-time video recording of the in  present work had some important structural differences as
situ deformation process allowed us to follow uninterruptedly compared to the standard cylinder-like nanotube shapes (such
the sequence and time scale of the BNNT buckling/kinking as for regular well-graphitized CNTs). This should be taken
phenomena that took place due to the applied large bendinginto account while treating the deformation data. The
forces. complete structural and chemical characterization of the
Multiwalled BNNTs were fabricated in line with an present BNNTs is provided in the Supporting Information
induction-heating procedure that has been successfullyand Figures S1 and S2. The existence of alternating black
utilized in our laboratory in recent yeai%?” The force contrast wall domains (Figure S1a) reflects some pre-existing
measurement experiments were carried out using a new statestrain—stress fields within the pure BNNTs (Figure Slc),
of-the-art atomic force microscope (AFMjransmission  which is assumed to be due to the frequent coexistence of
electron microscope (TEM) holder commercialized by Nano- cylinder- and polygon-like BNNT cross-sectional do-
factory Instruments AB8 The holder was arranged within ~ mains332 The presence of faceted shells whose orientation
a 300 kV high-resolution field-emission TEM JEM-3000F. may be different with respect to the incident electron beam
An experimental setup is sketched in Figure 1. A silicon of the TEM was clearly confirmed on numerous electron
cantilever was attached to a fixed MEMS force sensor, diffraction patterns taken, Figure S1b. In addition, faceted-
whereas an aluminum wire with a mounted BNNT sample and/or round-like cross-sectional domains were verified on
was placed on the piezomovable side of the holder. Initially, a specially prepared cross-sectional BNNT sample for TEM
the wire and cantilever relative positions were manually imaging in which the tube circumference may be viewed
adjusted with tweezers under an optical microscope in orderedge-on rather than in-plane, Figure S2.
to obtain the minimal possible gap distinguished by eye Figure 2 displays TEM images of two representative
between them. Finally, th&, Y, and Z positions of the BNNTSs used for in situ TEM deformations, which we have
cantilever and each individual BN nanotube of interest were named herein “thick” and “thin”. The thick tube has an
adjusted through the nanoscale precision piezodriven ma-external nominal diameter of 100 nm and a very narrow
nipulation of the sample wire inside TEM. The motion of internal channel (of several nanometers only). The thin one
the sample and force-acquisition parameters were pro-has the external and internal nominal diameters of 40 and
grammed and controlled by the dedicated software and12 nm, respectively. The typical lengths of tubes squeezed
electronics from Nanofactory Instruments AB. This PC- between the approaching Al lead and the Si cantilever were

piezoelectric tube Al wire with BNNTs
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taken here as = z(dy* — d;*)/64 (whered, andd; are the
external and internal nominal BNNT diameters, respectively),
andL is the length of a BNNT between the two contacts.
The calculated values were in the range of-00% TPa.
These figures are indeed consistent with those previously
determined by Suryavanshi et al. (0.722 TPand by us
(0.51 TPa}* using the well-established ac mechanical
resonance technigl® (see Supporting Information and
Figure S3).

It is worth noting that the noise of the present AFM

Figure 2. (a,b) TEM images of representative “thick” and “thin”
individual multiwalled BN nanotubes that were mechanically probed
in the course of the present work. The external nominal nanotube
diameters are-100 and~40 nm, respectively, as marked in (a)
and (b).

TEM system (36-40 nN) is intrinsically higher than a
standard optical AFM system operating on the befi€his

noise level depends on the electron doze and on the material
of a nanotube supporting substrate because of the backscat-
tered electrons. In contrast to conventional on-bench AFM,

_ the present setup operates under a 300 kV electron beam
1-1.5um. Itis noted here that, although numerous tubes and has a piezolever design that has fundamental noise limit
have been measured, however, rarely were the experimentground 1 nN due to intrinsic electronic noise in the resistors.

successfully accomplished due to hardly avoidable sliding Of course, the standard AFM optical detection is more
of a BNNT over either Al or Si contact. That was ac- sensitive, but it is not practical to fit it in 1.9 mm space

companied with a notable loading force decrease. It makespetween objective lenses of HRTEM.

the reliable statistical analysis of the data (including error Figure 4 consists of a series of selected frames extracted
analysis) rather difficult at this stage. Such inding can only ¢om the real-time video recordings made, where part of a
be prevented in the case of very tight physical contact e of the BNNT bending deformation process is displayed.
between a tube and Al and Si mechanical clamps. The latteraq the gap between the approaching leads diminishes, the
is favored when a given tube is oriented strictly perpendicular {,pa undergoes structural changes via the generation of

to the contact planes. However, that was not the dominant ;o nqecutive sharp kinks rather than by uniform arclike tube
case and could not be precisely controlled during BNNT pon4ing a5 a whole. Once the kinks appear, further deforma-

sample mounting and its further manipulations inside TEM. 45 is propagated by increasing the kink angle, which may
Actually, we should admit that the above-mentioned issue o5ch~90° (in the image plane) or even more, Figure 4e.

is a disadvantage of the present AFWIEM technique as  pereafter, we define a bending angle as the smaller angle

opposed to standard AFM. However, we found it useful 0 pepyeen the tangents at the two ends of a kink. The kinks 1,
irradiate BNNT-AI gnd BNNT—Si interfacial areas with & 2 and3 appear momentary within a millisecond time frame.
convergent energetic TEM beam befo_re mechanical te§t|ng.-|-hey also quickly disappear in a springlike fashion and in
It has promoted a sort of “nanowelding” and on multiple x4ty inverse sequence of reloading, leaving the tube after
occasions allows us to make reproducible tests, as doCU+ne |oad relief with an identical shape to the initial one, Figure
mented ?’e_'o""- _ _ 4a,h. Overall, this represents an unprecedented view of the
The original real force piezo-BNNT-displacement curves 1 jtinje and fully reversible high-degree lattice deformation
during the deformation (taken at loading) of the thick and ¢ g\NTSs, whose internal structure is composed of randomly

thin tubes are illustrated in Figure 3. The inset images are yisyipyted heterogeneous geometry layers (tubular versus
guides for the eye demonstrating the bending process du“”gpolygonal).

the Al wire approach to _the Si cantilever. The applied Importantly, the bending experiments inside TEM ulti-
deformation forces were directly measured to~#00 and X
mately allow us to thoroughly trace the tubular lattice

~300 nN for the thick and thin tube, respectively. Keeping . . . :
. . . . ! . . structural changes with an extremely high spatial resolution
in mind the precise BNNT dimensions (i.e., internal and o L g
u e (up to~1.7 A) within an individual bent BNNT. This is an
external “nominal” diameters and length, all accurately . L
appealing advantage of the present novel in situ TEM

\s/?rrelfslzgsbgvalg(-)r imlge%n?nb;zd rl(i tgcteijglméz:]eerk;(ienn(\jhl/r;g techniques over the pre-existing AFM? and SEM-based
» fesp y setupsi~1335which have suffered from insufficient spatial

used the term “nominal” diameter because the exact cross- : . .
. . : resolution and thus left many deformation-related questions
section of a tube under study is unknown and only its two-

) . o . . and mechanisms behind the elastic and/or plastic deformation

dimensional projection can be viewed during TEM). More- . .

. . unsolved. Each multiwalled BNNT kink was found to have
over, the elastic modulus of the present tubes (in the range . :

: ) .Y~ a very complex structure of nonuniformly curved and highly
of small bending deformations) can also be evaluated using hiticlik | he initial perfect |
the Euler formula: corrugated graphitic-li e BN ayers. The |n|t|g perfect layer
' stacking (see Supporting Information and Figure S1d) had
been severely distorted, as shown on a representative BNNT
kink HRTEM image in Figure 5.

With respect to the limits of BNNT deformation, Figure
6 displays that a kink angle upon bending may reach more

Feuer = T°EIL? (1)

whereE is the Young modulus, is the moment of inertia
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Figure 3. Force vs sample wire (i.e., nanotube) displacement curves recorded for the thick (a) and thin (b) BN nanotubes. The left and
right insets on each curve display the appearance of the starting and bent nanotube morphologies. The intentional directions of piezodriven
moves of an Al wire with the attached nanotube during the deformation are pointed out.

Figure 5. HRTEM image of a kinked BNNT displaying severe
lattice-resolved structural deviations from a perfect layer-by-layer
stacking characteristic of a starting BNNT (see Supporting Informa-
tion and Figure S1d for comparison). Dislocation-like defects and
numerous missing atomic planes within a highly deformed buckled
BN walls are evident. The inset shows a low-magnification image
of a kink where the area of interest is framed. The deformation
kink structure itself becomes extremely complex provided by the
above-mentioned variations in cross-section and helix type of
multiple BN shells.

\ » molecular dynamics simulations compared with conventional
TEM observations (of the tubes that weuaintentionally

Figure 4. Sequence of real-time video frames-@) taken during ~ Pent during the sample preparation) have revealed that,

approaching two sides of the setup and subsequent BN nanotubeduring CNT bending, the tube straight shape may be fully
bending between them. With an increase in a bending curvature,reversible up to bending angles in excess of°°1Hespite
the consecutive momentary kinks 1, 2, and 3 (d, €) appear on thethe formation of complex kink structurésThe first kinks

tube, which entirely accommodate a bending deformation. The kinks . :
momentary disappear (within dozens of milliseconds time) on were calculated to appear during CNT bending at angles

reloading in a strictly reverse sequence as they appear on loading@round 36 and only beyond a bending angle of 22ibnd-
Note that a crossing nanotube (in the center of view) is not in contact breaking mechanism starts to be in effect. Apart from such
with the leads and does not take part in the present deformationsimilarities, it is worth noting that, in a bent BN tube, e.g.,
process. The real time is marked on the frames. Figure 4, the first kinks did not appear in the middle tube
zone, where the maximum stressagrains are presumed to
than 118 (on the image plane) without gross tube failure. take place. This unusual feature may reflect the above-
The elastic forces may lead to a drastic tube position recoverymentioned peculiarities of a multiwalled BNNT cross-
in a springlike fashion within only~30 ms. However, after  sectional shape, where the shells of various helixes and cross-
such a severe deformation, a sort of a residual plastic buckle,sections may coexist, leading to the a priori strained regions,
Figure 6c, is visible on a remaining freestanding tube, Figure even on a nondeformed tube. In fact, such alternating areas
6d. This deformation is illustrated by a persister®0° angle with a characteristic stresstrain contrast (black contrast
on the protruding BNNT. We note that, in many respects, wall segments) are clearly seen in Figures 2b and Sla.
the present BNNT deformation resembles that of CNTs, Buckling in bent cylindrical shells is a well-known
which has theoretically and experimentally been treated by phenomenon in continuum mechantéd? A single-kink
several groups over the past dec&dé. For instance, collapse of a cylinder shell occurs as the bending moment
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Figure 6. The consecutive real-time video frames of an individual
BN nanotube high-angle bending (to the angles exceeding),115
followed by a sudden and momentary (within 30 ms) springlike
shape recovery, leavinga3(®° kink as residual plastic deformation.

(as measured under a high-resolution imaging mode inside
TEM), correspond to bending stresses~af00-260 MPa

and point to elastic BNNT modulus of 0:8.6 TPa.
Phenomenologically, the present BNNT deformation re-
sembles that of CNTs: under continuous compression, during
real-time videorecording in TEM, we observed the momen-
tary formation of consecutive kinks (within a subsecond
period of time). However, oppositely to standard CNTSs, these
kinks did not necessarily appear in the middle tube zones
due to pre-existing stresstrain fields within multiple BN
walls (these result from a complexity of faceted polygonal
multihelix BN shell packing). Up to kink-bending angles of
90°, these defects entirely and momentary disappeared on
reloading (within dozens of milliseconds time) in a strict
inverse fashion to how they were generated on loading,
leaving the tube with the exact same appearance as before
the deformation had started. For bending angles exceeding
115, marginal traces of a residual plastic deformation
became visible.
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Supporting Information Available: Structural (TEM and
HRTEM images), chemical (EELS spectrum) and crystal-

reaches its maximum critical value and the shell becomes |ography (electron diffraction pattern) characterization of the
unstable, buckling sideways, while the force almost does notjnitial BNNTS, cross-sectional (the tubes are edge-on) BNNT
vary* The present BNNT deformation picture seems to be TEM images taken from a specially prepared cross-sectional
much more complicated derived from the generally non- TEM sample, results of BNNT elastic modulus estimation
Cylinder but rather faceted BNNT She”s, which addltlonally (for Comparison with the claimed paper data) using an ac
may possess various helicities (see Supporting Information mechanical resonance technicé and links to real-time
and Figure S2b). Needless to say, atomistic modeling of movies showing BNNT bending and kinking processes inside

multilayer, multihelix, multi-cross-section BNNT tube bend-
ing/buckling remains a very difficult and expensive challenge
being presently a subject of our ongoing research.

In addition, we cannot fully rule out the effects of high-
energy (300 kV) electrons on the peculiarities of BNNT
defect formation versus their annealing-out and kinking,
although it is difficult to evaluate such impact quantitatively
at the present stage of experiments. In fact, it was demon-
strated that intense electron irradiation may dramatically
affect the mechanical response of single-walled carbon
nanotube bundlé% or initiate the dislocation glide in
multiwalled BNNTs3” However, it is noted that the present
multiwalled BNNTs were found to be much more robust to
electron irradiation than CNTs (under electron current
densities of~1—2 Alcn? found under normal imaging
conditions of the JEOL-3000F microscope), and we did not
observe significant tube modifications, structural deteriora-
tion, amorphization, and/or deposition of amorphous C on
their surfaces, which was the typical case for CNT TEM
and HRTEM studies.

In summary, for the first time, direct bending force
measurements were performed during deformation of mul-
tiwalled boron nitride nanotubes by means of a novel AFM
TEM piezodriven holder compatible with a 300 kV JEOL
high-resolution field-emission transmission electron micro-
scope. The measured forces ranged between 300 and 90
nN. These, coupled with the observed BNNT dimensions
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TEM using an AFM-TEM holder. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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