Individual Boron Nanowire Has Ultra-
High Specific Young's Modulus and
Fracture Strength As Revealed by in Situ
Transmission Electron Microscopy
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ABSTRACT Boron nanowires (BNWs) may have potential appli- e 7
cations as reinforcing materials because B fibers are widely known g hsy ;‘H‘h&’h Wﬁ\w
for their excellent mechanical performance. However until now, & ‘ ; .

there have been only few reports on the mechanical properties of et ; -
individual BNW, and in situ transmission electron microscopy (TEM)
investigations shining a light on their fracture mechanism have not 7
been performed. In this paper, we applied in situ high-resolution
TEM (HRTEM) technique to study the mechanical properties of
individual BNWs using three loading schemes. The mean fracture
strength and the maximum strain of individual BNWs were measured to be 10.4 GPa and 4.1%, respectively, during the tensile tests. And the averaged
Young's modulus was calculated to be 308.2 GPa under tensile and compression tests. Bending experiments for the first time performed on individual BNWs
revealed that their maximum bending strain could reach 9.9% and their ultimate bending stress arrived at 36.2 GPa. These figures are much higher than
those of Si and Zn0 nanowires known for their high bending strength. Moreover, the BNWs exhibited very high specific fracture strength (3.9 (GPa - cm®)/g)
and specific elastic modulus (130.6 (GPa - m®)/g), which are several dozens of times larger compared to many nanostructures known for their superb
mechanical behaviors. At last, the effect of surface oxide layer on the Young's modulus, fracture strength and maximum bending strength of individual
BNWs was elucidated to extract their intrinsic mechanical parameters using calculated corrections. All experimental results suggest that the present BNW
are a bright promise as lightweight reinforcing fillers.
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much attention in the past years be-

cause they not only possess low density,
high elastic modulus, and high melting-point
similar to bulk B materials, but also have a
large aspect ratio and high specific surface
area.' > With the realization of large-scale
synthesis of BNWs,*® they are now consid-
ered to be applied as lightweight body
armors, micro/nanoelectromechanical sys-
tems (MEMS/NEMS) and cantilever-based
nanosensors.'®~'> The mechanical proper-
ties of BNWs may have a large difference
from those of bulk B counter parts because of

B oron nanowires (BNWs) have aroused
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profound size effects and surface defects, as
was referred in other nanostructure systems
by severalgroups.'®"2¢ Although many re-
searches have been focused on the fabrica-
tion methods of BNWs,*° up to date, only
two papers have been concentrated on the
BNW's elastic behaviors.'®'® Especially, direct
in situ TEM measurement techniques have
not been applied to investigate individual
BNW's mechanical performance. Thus, the
research on individual BNW's mechanical
properties has been lingering far behind of
that for many other popular nanostructures,
like C nanotubes, ZnO and Si nanowires, etc.

* Address correspondence to
liufei@mail.sysu.edu.cn,
GOLBERG.Dmitri@nims.go.jp.

Received for review August 18, 2013
and accepted October 5, 2013.

Published online October 05, 2013
10.1021/nn404316a

©2013 American Chemical Society

VoL.7 = NO.11 = 10112-10120 = 2013 ACNJANC)

WWwWWw.acsnano.org

10112



In the previous two studies of BNWs, a mechanical
resonance method and an AFM-based technique were,
respectively, used to investigate the Young's modulus
and fracture strength of individual BNWs.''® In com-
parison with these two methods, the presently pro-
posed in situ TEM technique has two clear advantages,
which can be depicted as follows. One is that detailed
structure information in regards of individual BNWs at
an applied load, including their crystalline structures,
fracture planes, defects' distribution, possible amor-
phous transition, and so on, can be accurately acquired
under the tests due to ultimately high spatial resolu-
tion peculiar to TEM. The other is that the bending tests
may be performed on single BNWs for the first time,
which are vital to determine the maximum bending
strains and stresses, and the fracture mechanism.
Therefore, herein, the tensile, compression and bend-
ing experiments have separately been carried out on
individual BNWs using in situ TEM loadings. In addition,
all necessary corrections have been made to eliminate
the effect of the surface oxide on the BNWs' mechan-
ical properties and to obtain the BNW's intrinsic me-
chanical parameters.

RESULTS AND DISCUSSION

Large-scale BNW arrays have successfully been fab-
ricated on a Si(001) substrate by optimizing the experi-
mental parameters, as shown in Figure 1A. Figure 1B
gives the side view of the as-grown BNWs. BNWs have a
mean length of 6 um and their diameter ranges from
20 to 40 nm. They have a smooth surface and uniform
morphology. Typical TEM and HRTEM images of the
BNW are, respectively, provided in Figure 1, panels C
and D, to confirm their crystalline structure. The lattice
fringe separation between the adjacent growth planes
is about 5.1 A and the corresponding diffraction spots
are very clear, which reveals that the nanowire is a
single crystalline BNW having an a-tetragonal lattice
and the growth direction along the [001] orientation.
Moreover, it is noted that an amorphous boron oxide
layer with a thickness of about 1—2 nm exists on the
BNW. This may affect the elastic behavior of the BNW
during the following in situ measurements.

First, the tensile tests were performed on three
individual BNWs. The corresponding schematic illus-
tration is shown in Figure 2A. From the diagram, one
can see that a single BNW is tightly clamped between
the AFM cantilever and the tungsten tip utilizing
an electron-beam-induced carbon deposition (EBID)
technique.'"?"?22728 This technique can ensure that
the contact sites can bear high applied force and the
structure would not slip out of the clamps until it
breaks. In mechanical tests, the cantilever's displace-
ment and the nanowire's elongation or deflection can
be accurately measured under HRTEM. Moreover, the
applied load is continuously imposed on the BNW
by the piezo-driven W tip to generate deformation.

LIU ET AL.

Figure 1. (A) SEM images of large-scale-fabricated BNWs.(B)
Side view of the as-grown BNW arrays. (C and D) Typical TEM
and HRTEM images of the BNWs. The inset is their corre-
sponding SAED pattern; the white circle refers to the
amorphous oxide layer covered on the surface of the BNW.

The whole measurement process can be in situ re-
corded in a real time.

Before the mechanical tests were performed on the
individual BNWs, the cantilever used in the measure-
ment had been calibrated to eliminate the possible
experimental errors and its nominal spring constant
was determined to be 6.9 N/m by a procedure com-
monly depicted in our previous works.?"**?7 A series
of TEM images during the tensile test are shown
in Figure 2B. From these images, it can be seen that
the BNW's length gradually becomes larger with an
increase of the applied load until abrupt fracture. The
white arrow refers to the broken site of the nanowire.
This is located at some distance from the clamped sites.
It suggests that the fracture under tension truly reflects
the intrinsic mechanical behaviors of the BNW rather
than the mechanical properties of the clamped sites.

An HRTEM image of the BNW's fracture surface is
depicted in Figure 2C. The fracture surface is flat and
perpendicular to the growth direction of the nanowire.
Itis also seen that the broken BNW is still a single crystal
and not any crystal—amorphous transition has been
taken place within the fractured region. Moreover, no
obvious plastic deformation can be traced during the
whole tensile test and the breakage of the nanowire
occurs suddenly, so the fracture mode is brittle. The
stress—strain (0—¢) curves of three individual BNWs are
demonstrated in Figure 2D. The stress ¢ can be calcu-
lated by a simple equation of o = (F/S), where F is the
applied force, S = zr? is the nanowire's cross-sectional
area, and r is the radius of the BNW. The strain ¢ can be
determined using the following equation:

_ =l Al )

o I

&

where [ is the length of the nanowire after elongation,
lo is the original length of the nanowire before tension,
and Al is the displacement of the nanowire along the
applied force direction. The values of fand I, can be
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Figure 2. (A) Schematic illustration of the in situ tensile measurement. (B) In situ TEM images of the tensile experiment at
different deformation stages. (C)The HRTEM images of the fracture structure of an individual BNW. The fracture surface is
referred by the white arrow. (D) The stress—strain curves of three individual BNWs during the tensile tests.

accurately obtained by measuring them on the HRTEM
images in situ taken at different applied loads. It is
clearly seen that the o—e¢ curves of all three BNWs are
almost linear, which corresponds to the elastic deforma-
tion. Therefore, on the basis of the Hooke's law (E = (07/¢)),
the Young's modulus E of the BNWs can be deduced by
calculation of the curves' tangents. The tensile stresses of
all three BNWs suddenly dropped to zero at failures,
which coincides with the observed sudden breaking
phenomena caught on in situ videos (Supporting Infor-
mation Video I) showing perfect temporal resolution of
the force recording method. Moreover, the fracture
strength o, of the BNWs ranges from 8.0 to 9.5 GPa
and their Young's modulus varies from 238.8 to 270.4 GPa,
if one neglects the effect of the surface oxide layers.

A typical thickness of surface amorphous B,0; layer
is from 1 to 2 nm and the Young's modulus of bulk B,O3
is nearly 10 times lower than that of bulk boron; still the
effect of a surface B,0s3 layer needs to be considered to
get refined elastic parameters. According to the classi-
cal mechanics theory of compound materials,*® ' the
total force F on individual nanowire's cross-sectional
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area should be distributed within the two sections,
which can be described as

F = 0S = Fg+Foxide = 08SB + OoxideSoxide )]

where Fg and op are, respectively, the force and the
stress applied on the core BNW area, Foyige aNd Ooyide
are, respectively, the force and the stress applied on
the amorphous oxide shell's area, Sg and Syiqe are,
respectively, the core BNW's area and the surface oxide
shell's area, and ¢ and S are the above-mentioned
stress and the area of the nanowire before correction. If
I'out and ri, correspondingly refer to the outer and inner
radius of the nanowire, Sg should be written as Sg = 712,
and Soyiqe should be expressed as Soxide = T(Fout® — fin).
On the basis of the Hooke's law, the expressions of gg =
egFg and Opxide = EoxideFoxide CaN be easily obtained.
Substituting the expression for the area and stress into
the eq 2, the total force F can be derived as

2
F= eEmom = 8BEBSB+80xideonidesoxide

—r2)l 3)

2 2
= &T[[EBrin + onide(rout
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TABLE 1. Summary of Mechanical Properties of Individual BNWs

corrected
Young's Young's
radius  maximum modulus modulus
sample (nm) strain (%) (GPa) (GPa)
BNW (tensile) 19.8 35 287.8 308.2
BNW (compression)  18.8 24 298.4 3224
BNW V (bending) 14.95 9.9 306.1 367.5
BNW (ref 10) 40-50 / 150—280 /
BNW (ref 13) 20-25  1.0-3.0 250—350 270—390

where ¢ stands for the common deformation of the
nanowire at the applied force because the displace-
ment &g of the core BNW and the displacement &4y;qe Of
the surface oxide shell are the same in the test. Then,
the corrected Eg should be expressed as

in in

r? r?
EB = E;)Tm - onide :Tm =1 (4)

where E is the uncorrected Young's modulus of the
nanowire before the effect of the oxide shell is taken
into account. The corrected fracture strength ogoron
can be deduced by eq 4 and its expression is as below:

OBoron = €maxEB

2 2
_ Erout | Fout 1
= €max |E—5 — Loxide| —5 —
fin Fin

r? r
out out
= 0Ob rzu — EmaxEoxide _rzu =1 (5)

in in

, where gnax is the critical deformation of the nanowire
before the fracture occurs and oy, is the uncorrected
fracture strength. Because the outer and inner radii
of the nanowire can be easily measured under HRTEM
imaging, and the elastic modulus of surface B,Os layer is
assumed to be the same with bulk B,O; (16 GPa),'>3%*3
the corrected intrinsic Young's modulus and fracture
strength of individual BNW can now be ascertained.
The mean experimental error coming from the oxide
shell is calculated to be about 6.8% for the elastic
modulus, and 7.5% for the fracture strength of indivi-
dual BNW. To further understand the effect of surface
oxide, the comparative individual BNW's elastic prop-
erties obtained in different works are listed in Table 1.
In comparison with Li et al's work,'® the Young's
modulus and fracture strength of individual BNW in
our work are a little larger because these mechan-
ical parameters have been corrected in our calculations
by considering the effect of surface oxide layer. It is
found in Table 1 that the mechanical parameters of
individual BNWs in our work are close to the tensile
results from Ruoff's group.'® The difference is that we
in situ measured the surface B,O;5 shell's thickness of
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corrected maximum corrected

fracture fracture maximum bending maximum
strength strength bending stress bending broken

(GPa) (GPa) strain (%) (GPa) force (GPa)  mode
8.6 93 / / / brittle
/ / / / / /
/ / 9.86 30.2 36.2 brittle
/ / / / / /
22-82 24-92 / / / brittle

the nanowire under tensile measurements rather than
adopting its mean thickness.'® Moreover, it can also be
found that the maximum strain of individual BNW can
reach 3.0—4.5% in our work. These values are larger
than those for individual BNWs studied by other
groups. The latter phenomenon may be attributed to
perfect crystallinity and low defect density of BNWs
fabricated and measured by us.

Boron is a low-density and high melting-point ma-
terial, which makes its corresponding nanostructure
attractive for applications as reinforcing material.
To value the BNW's mechanical behaviors, we compare
them with different nanomaterials known for their
good elastic properties (summarized in Table S1). It is
known that BNWs have a much lower density than
that of most of the commonly used nanomaterials,
except CNTs and, barely, Si nanowires,'>'819.2134-37
Thus, they have a very high specific fracture strength
(3.9 (GPa-cm3)/g) and specific elastic modulus (130.6
(GPa-cm3)/g), which are nearly 4—50 times larger
than those for ZnO, GaN, InN, W, and Au nano-
wires.'>2938~%7 Generally, specific elastic modulus
and specific fracture strength are, respectively, defined
as the ratio of the elastic modulus and the fracture
strength to the material's mass density. These para-
meters are crucial for various applications, such as
airplane wings, bridges, masts and bicycle frames. High
specific elastic modulus and fracture strength perfor-
mance of individual BNWs suggest that they have solid
advantages over many nanomaterials in lightweight
material reinforcement applications.

Compression tests were also performed on indivi-
dual BNWs to further comprehend their axial elastic
properties. Figure 3A is the scheme of an individual
BNW under compression measurement. The consecu-
tive TEM images of individual BNWs at different stages
of compression are shown in Figure 3B. One can see
that the compression of the BNW is carried out along
the horizontal direction paralleling to the nanowire
during the whole loading experiment, as referred by
the red line in Figure 3B. And it is also seen that the
BNW can recover its original shape without any cracks
or deformation once the applied force is released. The
corresponding compressive force-strain curve is given
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Figure 3. (A) Schematics of individual BNW under compression. (B) Compression process of individual BNW recorded by
HRTEM. (C) Typical stress—strain relationship of an individual BNW under compression.

in Figure 3C, in which one can find that the relationship
between the stress and the strain keeps linear. It is
noted that, if the buckling effect would exist under the
compression test, the F—d curve must exhibit a gen-
erally nonlinear behavior as based on the classical
mechanics theories and experimental studies.'*?%3%3'
There is not any deviation from the linearity found
in our compression measurement, which further ex-
cludes the existence of the buckling effect and en-
sures the accuracy of the present compression data.
The maximum strain is 2.4% when the applied stress
reaches 8.6 GPa, and the uncorrected Young's mod-
ulus of individual BNW is 298.4 GPa. On the basis of
the same calculation method, as utilized for tensile
measurements, the corrected Young's modulus of a
single BNW is computed to be 322.4 GPa after elim-
inating the effect of the surface oxide layer. So we
come to a conclusion that BNWs deformation obeys
the Hooke's law and their axial deformation is truly
elastic.

Finally, in situ bending measurements were carried
out to further assess the mechanical performance of
individual BNW. The corresponding schematic diagram
showing the bending measurement process is pro-
vided in Figure 4A. It is found in Figure 4A that
the orientation of the applied force is different for
the bending tests and the axial tests. The applied load
is vertical to the nanowire in the bending test, whereas
the applied load is parallel to the nanowire in the
tensile and compressive tests. Figure 4B depicts the
snapshots of the nanowire during bending, as re-
corded in sequence under HRTEM. From Figure 4B,
it is found that the BNW is undergoing different bend-
ing states as the function of the applied force

LIU ET AL.

perpendicular to the BNW axis. The nanowire changed
from one straight rod to a curved hook, and, at last,
was violently damaged from its central region. Using
the schematic diagram and the experimental data,
we obtained the mechanical parameters of the nano-
wire under bending. Before the BNW's breakage is
initiated, the maximum bending angle between the
nanowire and its curvature center reaches 129.6°
when the curvature radius arrives at 151.6 nm, which
implies that the BNW can withstand very large bend-
ing deformation. It is evident in Figure 4C that the
fracture surface of the nanowire in bending test is flat
and smooth, and is strictly vertical to the growth axis
of the nanowire. Moreover, the BNW's diameter at the
fracture position is almost the same as in other
regions along the nanowire, and the BNW's fracture
suddenly emerges when the applied load has reached
a critical level. Representative force—nanowire deflec-
tion (F—d) curve of a single BNW is given in Figure 4C.
The applied force (vertical to the nanowire's axis)
is found to have a linear relationship with the deflec-
tion of the structure along the load direction,
which implies that BNW's bending should conform
to the elastic theory. Also, the force is observed
to be abruptly disappeared at a critical deflection
in Figure 4D, which corresponds to fracture in the
bending test. This mechanical data is in good agree-
ment with the observed results in Figure 4B. This
reveals that the fracture of the BNW in bending test
is also brittle. The detailed mechanical parameters
of individual BNW under bending can be found
in Table 1. The maximum bending strain epending Of
a single BNW arrives at 9.9%. Herein, the expression
for the bending strain épending is different with the
NO.11 = 10112-10120 =
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Figure 4. (A) Schematic diagram showing the in situ bending measurement setup. (B) Consecutive HRTEM images of an
individual BNW during different bending stages. (C) The HRTEM image reveals the surface structure of the BNW after fracture.
(D) Typical force-deflection distance curve of the individual BNW in the bending experiment.

strain of the nanowire under elongation, and is given
as follows:

r

ing = | —— 100 6
€pending (p+r> X % (6)
where ris the radius of the BNW and p is the curvature
radius of the inner edge of the bending BNW, as
illustrated in Figure 4A. According to the classical
elastic theory,>®~3' the vertical deflection Ad of the
BNW can be expressed as
A

Ad—ﬁ

(7)
where F is the vertical applied force, E is the Young's
modulus of the BNW, I, is the original length of the
nanowire before bending, and | = (1/4)ar* is the
moment of inertia of the rod-like nanowire. Substitut-
ing the expression of / into eq 6, then we obtain

_4FR
"~ 3Emrt

Ad 8

Then, according to the Hooke's law, the elastic
mechanical equation can be written as

JT

LIU ET AL.

where the elastic constant k of the BNW is equal to the
slope of F—d curve. On the basis of the bending theory
of the beam,?* 3! the maximum bending stress og of
the nanowire can be described as

rE

og = (10)

Pcritical

where pgitical IS the critical curvature radius of the BNW
before fracture. Here, the maximum bending stress is
defined as the maximum stress that individual nanowire
can bear before the fracture occurs. Therefore, through
the aforementioned equations, the maximum bending
stress and the Young's modulus of the nanowire can be,
respectively, worked out to be 30.2 and 306.1 GPa.

To get rid of the effect of amorphous B,0s layer and
obtain the pristine bending properties of the BNW,
further corrections were carried out as follows. On the
basis of the mechanics theory of the composite
materials,®® ' the relationship between the bending
moment M and the curvature radius p of the bending
nanowire can be expressed as

1M, 8 o
pIE P
where E and [ are, respectively, the Young's modulus
and the moment of inertia of individual BNW. Taking
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the existence of the surface oxide shell into account,
the total bending moment M is composed of two
sections, which are the bending moment Mg,ige Of
the surface oxide shell and the bending moment Mg
of the core BNW. The curvature radius of the core BNW
is the same as that of the oxide shell in the bending
process, so the equation of M can be written as

El Esls  Eoxideloxi
M = o Mg + Moxige = — 4 —xide oxide

(12)
where E, equal to the slope of F—d curve, is the
uncorrected modulus of the BNW, / is the total moment
of inertia of the composite nanomaterial, Eg and Eqyiqe,
respectively, represent the Young's modulus of the
core BNW and the surface oxide shell, and Iz and /oyige
correspond to their moment of inertia. Because cross
section of BNW is circular, the expressions of the total
moments of inertia / and /,,4. become

1 1
I = —ard e loxide = | — I = —ure

1
) ) out 72.7'[”1 (13)

where ro: and r;, refer to the outer and inner radii of
the BNW, respectively. Thus, by substituting eq 13 in
eq 12, we find

1 1 1 1
El = Eimgut = EBanﬁ]Jronide (angut 7:‘7'";:]) (14)

Dividing both parts of eq 14, it becomes

4 4
I8 I8
E= EB(—”) +Eout |1 — (—”) } (15)
Fout

Fout
Then, substituting the corrected Eg instead of E in eq 10,
the corrected maximum bending stress is calculated.
Because the thickness of the amorphous B,0s shell is
1.4 nm based on the HRTEM observations, the corrected

MATERIALS AND METHODS

Synthesis Method. The growth of BNWs was carried out in a
simple CVD system, which had been described in our recent
works.®*° B,0; powders (99.99%) and B powders (99.99%)
(mass ratio is 1:1) were mixed together to be used as source
materials. A Ni film is sputtered on the surface of silicon wafer to
work as a catalyst. The base pressure of the vacuum chamber
was lower than 7 Pa and the carrier gas was a mixed gas of
Ar and H, (flow rate ratio is 300:200 sccm). After keeping the
reaction vessel at 1100 °C for 2—4 h, the furnace was cooled to
room temperature in Ar gas and BNWs formed on the surface of
the Si substrate.

Morphology and Structure Characterization. A field-emission type
scanning electron microscope (XL-SFEG SEM, FEI Corp.) and
transmission electron microscope (JEM-3000F, JEOL Corp.) were
used to investigate the morphology and crystalline structures of
the as-prepared BNWs, respectively.

In Situ Mechanical Property Measurement. /n situ measurements
of the mechanical properties of individual BNWs were per-
formed in a field emission high-resolution transmission electron
microscope (JEM-3100FEF, JEOL Corp.; spatial resolution is
0.17 nm) equipped with a “Nanofactory Instrument” AFM-TEM
piezo-driven holder, as described in our recent research.?? First,
the BNWs were dispersed in ethanol solutions after they had

LIU ET AL.

Young's modulus and maximum bending stress of the
BNW under bending are obtained as 367.5 and 36.2 GPa,
respectively. The maximum bending stress of a single
BNW is nearly '/;o of its Young's modulus, which is
in good accordance with the ideal proportions of a
material in elastic theory.*®*° It further proves that the
mechanical behavior of the bent BNW is elastic up to
fracture point. Moreover, it is clear that the averaged
maximum bending stress (36.2 GPa) of individual BNWs
is much higher than that of ZnO nanowires (4—10 GPa)
and Si nanowires (5—18 GPa). This suggests that present
BNWs have a strong endurance to large bending stress.
Therefore, merging elongation, compression, and bend-
ing data on individual BNWs, it can be concluded that
they represent ideal lightweight reinforcing materials.

CONCLUSIONS

In situ HRTEM technique is applied to accurately
measure the mechanical properties of individual
BNWs. With the use of the classical mechanics equa-
tions and elastic theory, the intrinsic mechanical para-
meters of individual BNWs are obtained while eliminat-
ing the effects of the surface oxide shell. The mean
Young's modulus and averaged fracture strength
are, respectively, determined to be 308.2 and 9.3 GPa.
And their corresponding specific Young's modulus
and fracture strength are found to be 130.6 and
39 (GPa-cms)/g, which are far higher than for many
nanomaterials known for their good elastic behaviors.
Moreover, the maximum bending stress of individual
BNWs, for the first time derived in the present work,
can reach 36.2 GPa when their bending strain arrives
at 9.9%. All present findings suggest that BNWs should
have a promising future in lightweight materials' re-
inforcement and MEMS/NEMS applications.

been peeled off from a Si wafer. Subsequently, both ends of
the BNWs were, respectively, fixed on the W tip and the AFM
cantilever (to ensure that tight cohesion will exist in the follow-
ing measurement) by depositing a layer of carbon film on their
contact sites. Finally, three-dimensional manipulations of indi-
vidual BNWs on W tips can be precisely controlled (step is better
than 0.1 nm) by driving of the piezo-motor. The BNWs' perfor-
mance and experimental data were real-time recorded by a
commercial film grabber.
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