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Abstract
The mechanical response of crystalline boron nanowires was studied with the mechanical resonance method and tensile testing. The
mechanical resonances of cantilevered boron nanowires were excited and their frequencies were used to obtain the Young’s modulus of
the nanowires, according to simple beam theory. The inﬂuence of non-ideal boundary conditions on the nanowire’s resonance frequency
was investigated and is presented. Tensile loading measurements on boron nanowires were performed to obtain the fracture strength and
Young’s modulus. The modulus values from tensile tests are consistent with the set of values obtained from the mechanical resonance tests.
 2005 Elsevier Ltd. All rights reserved.
Keywords: A. Nanostructures; B. Fracture; B. Mechanical properties; B. Strength; B. Vibration

1. Introduction
One-dimensional nanostructures such as nanotubes and
nanowires have attracted attention in the past due to the
promise of applications in sensing [1,2], materials reinforcement [3–6], and nanoelectronics [7–11]. They can serve as
electrical interconnects [7,9,10], and building blocks in
microelectromechanical or nanoelectromechanical systems
(MEMS and NEMS) [12–14].
Boron (B) is a unique element, which in elemental boron
solids exhibits structural complexity due to its electron-deﬁcient bond [15]. The boron solids have high melting points,
low density, high modulus, and high hardness [16,17]. Crystalline B nanowires have been synthesized by the chemical
vapor deposition (CVD) method onto preformed metal catalyst particles [18]. Study of their electrical transport showed
p-type semiconductor behavior [7] and rectiﬁcation [9]. To
further develop both a fundamental understanding and
applications for these crystalline nanowires, it is important
to study their mechanical properties. In this work, the
mechanical resonance method and tensile loading were used
to characterize the stiﬀness and strength of B nanowires.
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The mechanical resonance method is a non-destructive
method for determining the bending modulus of beamshaped structures. It has been used to study the mechanical
properties of nanotubes [19,20], nanowires [21] and nanobelts [22]. Mechanical resonance can be induced in a nanowire when the frequency of the applied periodic force
approaches the nanowire’s resonance frequency. According
to simple beam theory [23], the nth mode frequency, fn, of a
cantilevered uniform beam is
rﬃﬃﬃﬃﬃﬃﬃﬃ
b2n Eb I
;
ð1Þ
fn ¼
2p mL4
where Eb is the bending modulus of the beam, I is the crosssection moment of inertia, m is the unit mass, and L is the
beam length. The bn term is the eigenvalue from the characteristic equation: cos bncosh bn + 1 = 0; b0 = 1.875,
b1 = 4.694, b2 = 7.855 and b3 = 10.996 correspond to the
ﬁrst four resonance modes for any cantilevered beam.
For a solid beam with circular cross-section, the mechanical resonance frequency is
sﬃﬃﬃﬃﬃﬃﬃﬃ
b2n D
Eb
;
ð2Þ
fn ¼
2p L2 16q
where q is the beam density and D is the beam diameter.
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Uniaxial tensile loading has been previously used to
measure the fracture strength of nanotubes [24] and nanoﬁbers [25–27]. During quasi-static tensile loading, a continuously increasing tensile load is typically applied to a
specimen until it fractures. The specimen’s elongation
and the applied load are recorded during the tensile loading
process. With knowledge of the specimen geometry, the
Young’s modulus, tensile strength, and other tensile properties such as fracture strength and failure strain of the
material can be determined.
2. Boron nanowire source
The CVD-synthesized B nanowires were typically tens of
micrometers in length [18]. Their diameters varied from 20
to 200 nm with a mean value of 60 nm [18]. Fig. 1(a) shows
a SEM image of as-grown boron nanowires on an alumina
substrate.
Since the mechanical measurements presented in this
paper are to be performed on individual nanowires, the
nanowires need to be well separated. However, as shown
in Fig. 1(a), the CVD-synthesis process produced clusters
of B nanowires, making it diﬃcult to directly manipulate
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individual ones. A mesh copper TEM grid (PELCOGrids,
200 square mesh, Ted Pella, Inc. Redding, CA) was used to
pick up individual nanowires from the source. The grid was
ﬁrst cut in half with a razor blade, and the cut edge was
brushed along the alumina surface where the B nanowires
were grown. Some B nanowires adhered to the TEM grid
with many of them protruding from the cut edge
(Fig. 1(b)), which enabled straightforward pickup with
AFM cantilever tips for mechanical testing using our
home-built nanomanipulator [28]. The electron beam
induced deposition (EBID) method was used to clamp
the B nanowire to the AFM tip inside a SEM vacuum
chamber prior to mechanical testing [29].
3. Mechanical resonance test
3.1. Resonance test experimental setup
Mechanical resonance tests were performed inside a
LEO 1525 ﬁeld emission gun SEM with our home-built
nanomanipulator. A conductive ultra-sharp AFM cantilever (NSC 12 with 30 nm Ti/Pt coating, MikroMasch
Inc.) and the nanowire source (the cut TEM grid) were
attached to the two opposing positioning stages of the
nanomanipulator. The AFM cantilever was mounted on
the end of a piezoelectric multi-layer bender (Noliac A/S,
Denmark, ceramic multilayer bender B1) that was
mounted to the X–Y linear motion stage; the B nanowire
source (TEM grid) was ﬁxed to the Z linear motion stage.
The cantilever and copper TEM grid were both electrically
insulated from the nanomanipulator.
During resonance measurements, a cantilevered B nanowire was excited into mechanical resonance by applying a
periodic force that was either electrically or mechanically
induced. For electrical excitation (Fig. 2(a)), a function
generator (Stanford Research Systems, California, Model
DS345) applied an ac voltage with tunable frequency
between the AFM cantilever and the copper TEM grid.
For mechanical excitation (Fig. 2(b)), an ac voltage was
applied to the piezoelectric bender to induce mechanical
vibration, which drove mechanical resonance in the
attached nanowire. For mechanically induced resonance,
the frequency of the applied ac signal is the nanowire’s natural frequency. The situation for electrically induced resonance is discussed below.
Most of the B nanowires we tested were ﬁrst clamped to
the tip of the AFM cantilever using EBID, and then
removed from the source. Nanowires protruding from the
edge of the TEM grid can also be electrically excited into
resonance (Fig. 2(a)).
3.2. Resonance test data analysis

Fig. 1. (a) SEM image of CVD grown crystalline B nanowires on alumina
substrate; (b) A B nanowire protruding outward at the ledge of a cut
copper TEM grid.

During resonance measurements, the driving frequency
from the function generator was swept and the nanowire’s
frequency response was recorded. The ﬁrst resonance mode
of the cantilevered nanowires was easily excited; the second
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Fig. 2. (a) Electrical excitation of cantilevered nanowires attached either to a conductive AFM cantilever tip or to a copper TEM grid. (b) Mechanical
excitation of a cantilevered nanowire attached to an AFM cantilever tip.

and higher order modes were only observed for nanowires
with aspect ratios (length divided by width) typically greater
than 200. This is discussed further below. Fig. 3(a) shows
SEM images of the ﬁrst two harmonic resonance modes of
a cantilevered B nanowire attached to an AFM tip.
The frequency responses of resonating nanowires were
recorded during the experiments. Later the resonance
peaks were obtained through data ﬁtting. Fig. 3(b) shows
a typical frequency response curve of the ﬁrst resonance
mode. The quality factors ranged from 300 to 1000 inside
the SEM vacuum chamber (pressure 106 to 107 Torr).
The second and higher resonance modes of several B nanowires were also observed. As shown in Fig. 3(c), they typically showed hysteresis due to a non-linear eﬀect that
was observed and discussed in our previous measurements
on quartz microﬁbers [30], and also in a paper whose focus
was parametric resonances in B nanowires [31].
During electrical excitation, the applied force acting on
the cantilevered conductive nanowire is a function of the
external electric ﬁeld and its frequency [19,20]. Typically an
ac signal (Vaccos xt) with dc bias (Vdc) is applied between
the two electrodes. The force acting on the nanowire is:
2

F ðtÞ ¼ aðDV þ V dc þ V ac cos xtÞ

1
¼ aðDV þ V dc Þ2 þ aV 2ac þ 2aðDV þ V dc ÞV ac
2
2
aV
ð3Þ
 cos xt þ ac cos 2xt;
2
where DV is the static potential to balance the work function diﬀerence between the two electrodes [19,20], and a is a
proportionality constant. Eq. (3) shows that the force, F(t),
contains x and 2x components. If the linear term (cos xt)
dominates the beam resonance, the driving frequency
equals the nanowire’s resonance frequency. If the quadratic
term (cos 2xt) dominates the resonance, the driving fre-

quency is only one half the nanowire’s resonance frequency. To ensure the correct assignment of the
nanowire’s resonance frequency, the response of each
nanowire was examined at excitation frequencies around
one half and double the measured resonance frequency.
Most of the nanowires were also mechanically excited during the same experimental session, which enabled the direct
comparison between the two excitation methods and ensured the determination of the true resonance frequency.
The driving force for mechanical excitation is generated
by the mechanical vibration of the piezoelectric bender as a
result of an applied ac voltage; the excitation envelope is
thus governed by the frequency response of the piezoelectric bender. According to our measurement, the cantilevered piezoelectric bender (15 · 8 · 0.8 mm3) had a
resonance frequency of 327.7 Hz and a quality factor of
13 in the SEM vacuum chamber. The resonance frequencies of the cantilevered B nanowires were typically on the
order of hundreds of kilohertz, which is much higher than
the resonance frequency of the piezoelectric bender. The
applied ac signal with an approximately several hundred
kilohertz frequency is far oﬀ the resonance of the piezoelectric bender, and thus does not generate a large mechanical
excitation. We have found that with our current setup the
mechanical excitation method is most eﬀective for frequencies lower than 500 kHz. In contrast, for the electrical excitation method, the strength of the electric ﬁeld does not
depend on the frequency of the ac signal. Therefore, the
electrical excitation method works well for any frequency
the function generator can supply. However, the introduction of an additional electric ﬁeld in the SEM degrades the
imaging quality, which worsens with increasing magnitude
of the electric ﬁeld. Therefore, electrical excitation is not
suitable for high stiﬀness nanostructures that require a
strong electric ﬁeld but have a small vibration amplitude.
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Fig. 3. (a) SEM images of the ﬁrst (left) and second (right) resonance modes of a cantilevered B nanowire. (b) Typical amplitude-frequency response curve
of the ﬁrst resonance mode of a B nanowire with a Lorentzian ﬁt (solid line). (c) Typical amplitude–frequency response curve of the second resonance
mode of a B nanowire.

The geometry of each nanowire was measured in the
SEM. The diameters of nanowires were measured before
the test, and veriﬁed after the test. SEM images only provide a two-dimensional (2D) projection of the nanowire,
thus care must be taken when measuring the nanowire’s
length. In Eq. (1) the bending modulus is proportional to
the beam length to the fourth power. Thus any error in
the measured length, DL, translates into a relative error
in the ﬁnal value of the bending modulus of 4DL/L. In
an eﬀort to accurately measure the length, the nanowire
was measured again in the SEM after each resonance test.
The AFM cantilever with the B nanowire still attached was
directly mounted on a conventional SEM holder. Images of
the nanowire were acquired at two angles: with the SEM
holder normal to the electron beam and at a tilt angle of
45. A parallax method was used to reconstruct a threedimensional representation of the nanowire based on these
two SEM images [32]. The lengths of all the nanowires
reported in this study were obtained using this method.
Boron can be oxidized in air at room temperature, and
oxide layers on boron particles [17] and nanoribbons [33]
have been observed. An amorphous oxide coating was
found on the surface of these B nanowires by TEM
(Fig. 4(a)). Since the physical properties of boron oxide
are diﬀerent from those of pure boron, it is important to
analyze the eﬀect of the oxide layer on resonance so as to
get the bending modulus of the boron core.

As shown in Eq. (2), for a constant diameter circular
cross-section beam, the Young’s modulus can be calculated
from the resonance frequency and geometry:
64p2 q L4 2
Ebeam ¼
fn .
ð4Þ
b4n D2
For a B nanowire of diameter D with an oxide layer thickness T, the resonance frequency is
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2n 1 EB I B þ EO I O
fn ¼
2p L2 qB AB þ qO AO
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
b2n 1 ðEB  EO ÞðD  2T Þ þ EO D4
¼
;
ð5Þ
8p L2 ðqB  qO ÞðD  2T Þ2 þ qO D2
where EB and EO are the Young’s moduli of the boron and
boron oxide (B2O3), and qB and qO are the densities of the
boron and boron oxide, respectively. Introducing a ratio
parameter c ¼ D2T
, the Young’s modulus of boron can
D
be obtained from Eq. (5) as follow:





64p2 L4
1
1
2
EB ¼ 4 2 2 qB þ qO 2  1 fn þ EO 1  4 .
c
c
bn c D
ð6Þ
Inserting the beam modulus expression (Eq. (4)) into the
boron modulus expression (Eq. (6)), we have the following
relationship:

1116

W. Ding et al. / Composites Science and Technology 66 (2006) 1112–1124

make the assumption that this new crystalline phase is a distorted a-tetragonal structure [35], there would be 50 atoms
per unit cell and accounting for the volume of the unit cell
[18] the calculated density would be 2.5 · 103 kg/m3; the
density of a-tetragonal B is 2.31 · 103 kg/m3 [36]. The density of amorphous boron oxide (B2O3) is 1.80 · 103 kg/m3
[37], and its Young’s modulus is 16 GPa [37].
As indicated in Eq. (5), the thickness of the oxide layer is
needed to correct the measured Young’s modulus. Measuring the thickness of the oxide layer could only be done in
the TEM. However, transferring nanowires attached to
AFM cantilevers into a TEM is challenging due to limitations on the specimen size. Instead, we measured the oxide
thickness for B nanowires from the same source that were
not tested. Fig. 4(b) shows the oxide layer thickness measurement results performed in a Hitachi HF-2000 TEM.
The average oxide layer thickness was 3 nm and this
value was used in the data analysis.
With the measured resonance frequency and the nanowire geometry, the bending modulus of each nanowire
was ﬁrst calculated without accounting for the oxide layer.
Corrections were then made to the modulus results according to Eq. (7). The corrected bending modulus values for
the B nanowires are listed in Table 1.
The average bending modulus of boron from our resonance measurements is 310 GPa, which is lower than
the Young’s modulus of bulk b-rhombohedral boron [16].
This might be due to the fact that these B nanowires have
a diﬀerent crystal structure. The assumptions made in our
data analysis about boron density and oxide layer thickness
may also contribute to the diﬀerence. Another factor that
bears attention is a non-ideal boundary condition.
3.4. Boundary conditions
Fig. 4. (a) TEM image of a B nanowire with an amorphous oxide layer;
(b) oxide layer thickness measured inside TEM.



EB ¼

1
q
1þ O
2
c
qB






1
1

1
E
þ
E
1

.
beam
O
c2
c4

ð7Þ

The Young’s modulus of boron (EB) can thus be obtained
from the ﬁt value for Ebeam.
3.3. Resonance test results
Crystalline boron has several polymorphs: a-rhombohedral, a-tetragonal, and b-rhombohedral. The densities of arhombohedral and b-rhombohedral boron are 2.45 ·
103 kg/m3 and 2.35 · 103 kg/m3, respectively [34]. The
Young’s modulus for b-rhombohedral boron crystal is
400 GPa [16]. To the best of our knowledge there is no
report of the modulus of a- rhombohedral boron. An average density of 2.4 · 103 kg/m3 was used for the boron core.
TEM electron-diﬀraction of the B nanowires used in this
study indicates a crystal structure that does not match
any of the known crystalline phases of boron. An orthorhombic unit cell with a = 9.4 Å, b = 7.1 Å, and c =
5.4 Å was consistent with nanodiﬀraction data [18]. If we

The resonance method has been used by several
researchers to measure the mechanical properties of nanostructures [19–22,30]. The analysis of mechanical resonance
tests is based on simple beam theory. According to beam
theory, the ﬁxed end boundary condition requires zero displacement and slope at the ﬁxed end. The ‘ﬁxed’ end of the
nanostructure is typically assumed to be perfectly clamped.
To test this issue, we performed a series of tests to investigate the eﬀect of the clamp on the resonance frequency of
cantilevered nanowires.
Table 1
Bending modulus of boron nanowires from mechanical resonance tests
Length (lm)

Diameter (nm)

Frequency (kHz)

Bending
modulus (GPa)

8.8 ± 0.2
17.8 ± 0.2
16.2 ± 0.2
35.1 ± 0.2
20.0 ± 0.2
13.6 ± 0.2
6.4 ± 0.1
56.5 ± 0.4

43 ± 2
68 ± 2
74 ± 2
77 ± 2
52 ± 2
48 ± 2
80 ± 2
95 ± 2

670.7 ± 0.05
288.0 ± 0.05
387.7 ± 0.05
93.3 ± 0.05
163.0 ± 0.05
303.8 ± 0.05
2920.7 ± 0.05
49.8 ± 0.05

300 ± 48
310 ± 22
310 ± 26
370 ± 22
300 ± 32
270 ± 34
350 ± 31
410 ± 24
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In this study EBID was used in an eﬀort to ensure that
true ﬁxed-end boundary conditions were met. In EBID,
material is deposited onto a substrate by irradiation with
an electron beam. It has been used to fabricate nanoscale
clamps in situ inside a SEM [21,27,38,39]. In the EBID process the secondary electrons decompose molecules that
have adsorbed on the substrate surface or are present in
a gas phase near the surface; these molecules can be either
precursor gas molecules deliberately introduced, or residual hydrocarbon molecules from the pump oil of the vacuum system. Decomposition of these molecules leads to
the formation of a deposit on the substrate surface. EBID
deposits were used to attach each B nanowire tested to the
AFM cantilever tip (Fig. 5(a)).
As introduced previously, the nanowire source was prepared in such a way that B nanowires were attached to the
edge of a TEM grid section without any mechanical clamp
(Fig. 1(b)). These protruding nanowires were good candi-
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dates to investigate the eﬀect of boundary conditions since
they provided an opportunity to easily alter the boundary
conditions. In two cases B nanowires were picked up with
an AFM tip without depositing an EBID clamp. These
nanowires were also used to study the resonance with
and without the EBID clamp.
The process used to test the eﬀect of boundary conditions is as follows. First, the resonance frequency of a naturally clamped (held only by adhesion forces) B nanowire
was measured. A short period exposure to the electron
beam (5 min) was then performed to EBID deposit a
small amount of carbonaceous material onto the AFM
tip substrate to attach the nanowire. The resonance frequency of the nanowire was then measured again. The process of depositing more material was then repeated by
EBID (in the same region) several times and the resonance
frequency was measured after each deposition. We found
that the resonance frequency increased after each addi-

Fig. 5. (a) SEM image of a B nanowire being clamped to an AFM tip surface with EBID method. (b) Frequency increment ratio after each EBID
clamping for six B nanowires that were initially held without EBID clamping. (c) Frequency increment ratio for three pre-clamped B nanowires.
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tional EBID deposit was added, eventually approaching a
plateau (Fig. 5(b)). Due to the allowed time for an experiment session, there were a few cases where the resonance
frequency did not reach a plateau. The overall resonance
frequency change for the six B nanowires tested in this
manner ranged from 1.7 to 25 percent.
While it is tempting to conclude that having a stronger
attachment leads to an increase of the resonance frequency,
it is possible that the frequency increase is caused by a
decrease of the eﬀective beam length due to the build up
of EBID material. Assuming perfect boundary conditions,
the length decrease required to cause the measured frequency shift was calculated and was found to be much larger than the clamp length. The EBID clamps were always
fabricated at the edge of the substrate so as to obtain a
well-deﬁned cantilevered length L. It is diﬃcult to deﬁne
the original cantilevered length for a protruding nanowire
naturally attached to the substrate. However, after the ﬁrst
(small) EBID deposit (perhaps thus ﬁxing L), and relative
to the ﬁnal deposit, there is often still a signiﬁcant change
in frequency (see Fig. 5(b)). These experiments clearly demonstrate that non-ideal boundary conditions can lead to a
lower resonance frequency than a more perfectly clamped
case.
Most of the nanowires tested in this study were clamped
to an AFM tip with the EBID method before being picked
up from the source. This EBID process typically took
30 min with a deposition thickness of 30 nm. These EBID
clamps were strong enough to survive the process of pulling
the nanowires away from the source, however, it is still possible that the clamps were not as perfect as required by
beam theory.
To further test the dependence of the measured frequency on the clamp type we measured the resonance frequency after each deposition (for several sequential EBID
deposits) of three previously clamped and tested B nanowires. A slight increase (less than 2%) in the resonance frequency was observed before a stable value was reached
(Fig. 5(c)). Compared with the non-clamped nanowires,
these pre-clamped nanowires clearly have boundary conditions that better approximate the ideal ﬁxed end boundary
condition. Therefore, it is reasonable to conclude that the
resonance frequencies reported in Table 1 are very close
to, but may be slightly less, than the resonance frequencies
of perfectly clamped nanowires.

stage, and rigid cantilevers (Chip NSC 12, length 90 and
110 lm, nominal force constant 14.0 and 7.5 N/m, respectively, MikroMasch Inc.) were mounted on the Z linear
motion stage together with the B nanowire source. The
force constants of the cantilevers were calibrated in situ
prior to the tensile test using the resonance method developed by Sader et al. [40]. The resonance frequencies and
dimensions of the cantilevers were measured in the SEM
allowing the cantilever force constants to be calculated. A
detailed description of the calibration procedure has been
reported elsewhere [38].
During a typical tensile test, an individual B nanowire
was picked up from the source and clamped to two opposing AFM tips (Fig. 6). The clamps were formed with our
recently developed and quite rapid EBID method [29].
The soft cantilever was then gradually moved away from
the rigid cantilever by actuating the piezoelectric bender
with a dc voltage. A continuously increasing tensile load
was applied to the nanowire until fracture. We currently
do not have any means to directly record the tensile load

4. Nanoscale tensile testing
4.1. Tensile test experimental setup
Tensile tests were also performed on the crystalline B
nanowires using our home-made nanomanipulator inside
the LEO 1525 SEM. Two AFM cantilever chips were
mounted on the two opposing positioning stages. Soft cantilevers (Chip NSC 12, length 350 and 300 lm, nominal
force constant 0.30 and 0.35 N/m, respectively, MikroMasch, Inc.) were mounted on the X–Y linear motion

Fig. 6. (a) A B nanowire clamped between two AFM cantilever tips under
a tensile load. (b) A high magniﬁcation SEM image showing a portion of a
B nanowire under tension.
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or strain during the test, so we relied on image analysis of a
series of SEM images taken during the tensile loading process. We also measured the nanowire diameter by SEM.
Since we must rely on image analysis to obtain the tensile load and strain, proper specimen alignment is critical.
The SEM provides a projected two-dimensional image.
To get an accurate length the entire nanowire needs to be
in the projection plane. This is achieved by carefully adjusting the heights of the two ends of the nanowire using Z linear motion until both ends are in focus before ﬁnal
clamping. However, because SEM has a large depth of
focus and therefore poor Z-resolution, a slight height mismatch between the two ends of the nanowire may still exist
even though they both ‘seem to be in focus’. A method for
obtaining the correct length is used, as discussed below.
4.2. Tensile test data analysis
The tensile loading process was recorded in a series of
SEM images taken during the test. From these images
the length of the nanowire at each load was measured. In
some cases, small particles that were stuck to the nanowire
along the gauge length served as reference points for higher
magniﬁcation measurement of length along certain segments (Fig. 6(b)). The nanowire length was obtained by
counting the number of pixels in the SEM image, which
determines the strain resolution. The recorded SEM images
have a resolution of 1024 · 768 pixels, and a nanowire typically spans less than 1000 pixels in the image. Also, with
the deﬂection of the cantilever the nanowire gradually
changes its orientation, making it diﬃcult to implement
interpolation algorithms used to achieve sub-pixel displacement resolution [41]. Therefore, the nanowire length was
measured with a resolution of one pixel and thus a strain
resolution of 0.1–0.2%.
The AFM cantilever serves as the force-sensing element
and the applied tensile force is obtained by measuring the
cantilever deﬂection and multiplying it by the cantilever
force constant. However, the direct measurement of the
cantilever deﬂection over the entire experiment is challenging due to a lack of an internal reference point. The forcesensing cantilever used here was 300 or 350 lm in length,
but in most cases the maximum deﬂection at the tip was
only 10 lm. So using the ﬁxed end of the cantilever as
the reference for the tip’s deﬂection yields poor resolution.
One alternative is to use a nearby unloaded cantilever tip as
a reference, but the resolution is limited because the nearby
AFM tip is not in focus (Fig. 6(a)). Instead of directly measuring the cantilever deﬂection, we employed two other
methods to calculate the deﬂection: (1) by measuring the
cantilever deﬂection angle and (2) by calibrating the piezoelectric bender response.
For a tip-loaded cantilever, the deﬂection (d) and angle
3
of deﬂection (h) at the cantilever tip are given by: d ¼ PL
3EI
PL2
and h ¼ 2EI . Here P is the load applied at the tip, L is the
cantilever length, E is the elastic modulus and I is the
moment of inertia of the cantilever. The cantilever deﬂec-
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tion can be represented by the angle of deﬂection with
the following relationship:
2
d ¼ hL.
3

ð8Þ

In all the tensile tests the maximum cantilever deﬂection
was less than ﬁve percent of the cantilever’s length. So
the cantilever deﬂection is within the linear regime and
the equations presented above are valid. Since no reference
point is needed to measure the deﬂection angle, high-resolution images can be taken for accurate angle measurement
and the corresponding cantilever deﬂection can be thereby
determined.
The second technique used to calculate the cantilever
deﬂection was through the calibration of the response of
the piezoelectric bender to an applied dc voltage. As previously discussed, the tensile load was applied through
the bending of the piezoelectric bender in response to the
applied dc voltage. During the tensile experiment, the
applied dc voltage corresponding to each SEM image was
recorded. After the test, the same voltage was applied to
the piezoelectric bender, and the displacement of the
unloaded cantilever was recorded. The diﬀerence between
the displacements of the unloaded and loaded cantilever
is the corresponding cantilever deﬂection at that speciﬁc
loading step [42]. The cantilever deﬂections obtained based
on these two methods agree within ten percent. The piezoelectric bender response calibration method was employed
to obtain the cantilever deﬂection in all of the results
reported here.
As previously discussed, in some cases the nanowire
being tested is not perfectly aligned with the axis of the
applied load. Li et al. studied the eﬀect of tensile oﬀset
angle on micro/nanoscale tensile testing [43]. The tensile
oﬀset angle of a tensile loaded microﬁber was monitored
with two CCD imaging systems that provided front and
side views. Our tensile loading experiments were performed
in a SEM that provides only a top view of the nanostructure. Thus, we can only monitor the misalignment in the
X–Y plane but cannot detect slight height mismatch in
the Z-direction. Fig. 7 shows schematics of both in-plane
misalignment and height mismatch arising from the angles
a and b, respectively (Fig. 7(c)). Please note that both
angles gradually change with increasing tensile load.
For the purpose of analysis the tensile load, F, is decomposed into three components: Fx, Fy and Fz, leading to the
following relationships:
F y ¼ F x tan a
F z ¼ F xy tan b ¼ F x tan b

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ tan2 a.

ð9Þ

Here Fy and Fz are written in terms of Fx because it is the
major force component causing cantilever deﬂection.
Fig. 7(a) indicates that the measured cantilever deﬂection
is caused by a combination of the Fx and Fy force
components:
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Fig. 7. (a) Top view of the tensile test setup with misalignment in the X–Y plane; (b) side view of the tensile test setup with a height mismatch; (c)
decomposition of the tensile load.

H
;
ð10Þ
L
where k is the cantilever force constant, Dx is the cantilever
deﬂection, H is the distance from the clamped end of the
nanowire to the central plane of the cantilever, and L is
the cantilever length. The force Fy acting on the cantilever
has a negligible eﬀect. The relationship between the total
tensile load, F, acting on the nanowire and the AFM cantilever deﬂection, Dx, can be obtained by combining Eqs.
(9) and (10) as follows:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F ¼ F 2x þ F 2y þ F 2z
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ F x 1 þ tan2 a þ tan2 b þ tan2 a tan2 b
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kDx
1 þ tan2 a þ tan2 b þ tan2 a tan2 b ð11Þ
¼
1  HL tan a

kDx ¼ F x  F y

The height mismatch (if present) aﬀects both the calculated tensile load and strain. Since we are not able to measure the height mismatch between the two ends of a
nanowire in situ in the SEM, the force in the X–Y plane,
Fxy, is assumed to be the total force, given by
F xy ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F 2x þ F 2y ¼ F cos b.

ð12Þ

So a height mismatch leads to an error of 1-cos b in measured force. For a given height mismatch, the longer the
nanowire, the smaller the angle b and the smaller error in
measured force. With respect to the measured values of
strain, the SEM images only provide the projected elongation, which is not the true elongation, as shown in Fig. 8.
For a nanostructure of length L with a height mismatch
DZ,
the measured
for a true strain of DL
is:
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃstrain
ﬃ
L
2
2
2
2
ðLþDLÞ ðDZ Þ  L ðDZ Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ﬃ
. For any nonzero height mismatch,
L2 ðDZ Þ
we have the following relationship:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
ðL þ DLÞ2  ðDZ Þ  L2  ðDZ Þ
DL
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
;
ð13Þ
>
L
L2  ðDZ Þ2

which indicates that the strain measured in the SEM is always larger than the true strain in the nanowire.
Any height mismatch (that is not corrected for) between
the two ends of a nanowire in our tensile experiments leads
to a lower measured tensile load and a higher measured
strain, which consequently results in lower values for the
tensile strength and Young’s modulus. It is desirable to
eliminate the height mismatch during the experiment, but
due to the poor Z-resolution of the SEM it is intrinsically
not possible to detect a small height mismatch between
the two ends of a nanowire. Following each tensile test,
the AFM tip with a nanowire fragment attached was
imaged in the SEM, and the misalignment angle b was
measured by assuming the nanowire returned to its initial
orientation following fracture. The height mismatch was
then calculated, and the tensile load and strain measurements were corrected using the procedure described above.
The height mismatch caused errors of roughly 5% (tensile
load) and 10% (strain) in our measurements.
As in the resonance test data analysis, a correction is
needed to account for the boron oxide layer in order to
get the tensile strength and Young’s modulus of the boron
core. In an eﬀort to simplify the data analysis, two assumptions were made: First, the boron core and oxide layer
share the same strain while in tension (strain identical condition is assumed). This is reasonable because we never saw
any delamination of the oxide layer at the fracture surface,
indicating a strong interaction between the boron core and
oxide coating. Second, at the moment of fracture the stress
in the oxide layer is below its fracture strength. This
assumption is necessary because to the best of our knowledge there is no experimental data on the fracture strength
of boron oxide. For conﬁrmation, we calculated the maximum tensile stress in the oxide layer at the time of fracture
for each of the nanowires measured. The maximum tensile
stresses ranged from 150 to 500 MPa, which does not seem
to invalidate this assumption.
Based on these assumptions, a B nanowire of diameter
D (oxide layer thickness T included) with an applied load
of F and corresponding strain of e, without considering
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Fig. 8. (a) Side view of nanowire elongation in the presence of a non-zero height mismatch; (b) schematic showing the elongation of the projected length
and true length in the presence of a height mismatch.

oxide layer, has the following relationship for the internal
stress:
p
ð14Þ
F ¼ rbeam D2 .
4
Considering the oxide layer, the modiﬁed relationship has
the following form:
p
p
2
2
F ¼ rB ðD  2T Þ þ EO e ðD2  ðD  2T Þ Þ.
ð15Þ
4
4
Here rbeam is the tensile stress in the entire nanowire (average tensile stress), rB is the tensile stress in the boron core,
and Eo is the Young’s modulus of boron oxide. Again
using the parameter c ¼ D2T
, the true stress in the boron
D
core can be expressed as:


rbeam
1
rB ¼ 2 þ EO e 1  2 .
ð16Þ
c
c
Thus the true stress in boron core can be obtained from the
average tensile stress in the nanowire.
No correction is needed for the Young’s modulus
because the modulus is obtained from linear ﬁtting of the
stress–strain curve. With the corrected tensile stress values,
the Young’s modulus of the boron core can be obtained.
4.3. Tensile test results
Tensile tests were performed on nine B nanowires. The
cantilever deﬂection and nanowire elongation were
obtained from image analysis, and the corresponding tensile load and strain were calculated. Following each experiment, the nanowire fragments were observed in the SEM,
and the misalignment angle was obtained. The corresponding height mismatch was then calculated, and corrections
were made to the previously calculated tensile load and
strain. With nanowire diameter measurement, the corresponding tensile stress (average tensile stress) was calculated. Assuming a uniform 3 nm boron oxide layer with a
Young’s modulus of 16 GPa, corrections were made on
the tensile stress to obtain the true stress in the boron core.
With the corrected stress and strain values, a stress–strain
diagram was plotted. Fig. 9(a) shows a stress–strain relationship for a B nanowire under tension; through data ﬁtting, the

Fig. 9. (a) The stress–strain relationship of a B nanowire under tension.
(b) The Young’s modulus results from tensile test.

Young’s modulus (the slope of the stress–strain curve) was
obtained. The tensile testing results on nine B nanowires
are listed in Table 2, and the Young’s modulus data is shown
in Fig. 9(b). The Young’s modulus values obtained from the
tensile tests are in reasonable agreement with the results from
the mechanical resonance test. It is important to note that 7
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Table 2
Tensile test results of boron nanowires
Length (lm)

Diameter (nm)

Maximum strain (%)

Fracture strengtha (GPa)

Young’s modulusb (GPa)

66.5 ± 0.02
13.8 ± 0.02
7.9 ± 0.02
44.9 ± 0.02
7.5 ± 0.02
45.5 ± 0.02
25.4 ± 0.02
23.0 ± 0.02
23.3 ± 0.02

48 ± 2
42 ± 2
40 ± 2
48 ± 2
50 ± 2
50 ± 2
58 ± 2
44 ± 2
46 ± 2

1.6 ± 0.1
1.4 ± 0.1
2.5 ± 0.1
2.0 ± 0.1
1.7 ± 0.1
2.4 ± 0.1
1.1 ± 0.1
2.9 ± 0.1
1.0 ± 0.1

4.5 ± 0.5
5.0 ± 0.6
6.4 ± 0.8
5.9 ± 0.6
4.1 ± 0.6
7.5 ± 0.8
2.2 ± 0.2
8.2 ± 1.0
3.5 ± 0.4

270 ± 28
360 ± 61
250 ± 39
310 ± 35
240 ± 44
360 ± 36
230 ± 34
350 ± 41
340 ± 61

a
b

B nanowires 3–9 broke at the clamp; B nanowires 1 and 2 broke near one clamp (within a few microns).
The value (0, 0) was included in the ﬁt of Young’s modulus.

of the B nanowires failed essentially at one of the clamps, and
the other two within a few microns of one of the clamps. Consequently, these values should be considered as lower bounds
to the fracture strength of such nanowires. A future challenge will be conﬁguring experiments on such nanowires so

Fig. 10. B nanowire fracture strength as a function of (a) nanowire length
and (b) nanowire diameter.

that the complicating factor of stress concentration near a
clamp is overcome.
Fig. 10 presents the nanowire fracture strength versus
the nanowire length (Fig. 10(a)) and diameter
(Fig. 10(b)). Given that there are only nine strength values,
it is perhaps not surprising that there is no obvious functional relationship between strength and either length or
diameter. A much larger dataset is needed to treat the statistics of fracture of such B nanowires. A further complicating factor is failure near or at one of the EBID clamps, as
mentioned above.
Larger diameter boron ﬁbers have been made and studied [44–49]. The ﬁbers are made by a thermal CVD process
[44,45] in which BBr3(g) or BCl3(g) is reduced by hydrogen
at high temperature and boron is deposited onto a tungsten
ﬁlament, diﬀuses into the ﬁlament and transforms it into a
core consisting of a polycrystalline mixture of tungsten
borides; amorphous or crystalline B then surrounds this
core and the ﬁber diameter (typically hundreds of microns
in diameter) is determined by the CVD growth conditions.
A detailed review of B ﬁber preparation is provided in Ref.
[50]. The mechanical properties of B ﬁbers have been intensively studied by tensile testing and they show brittle fracture with tensile strengths in the range of 2–5 GPa [44,46–
49] and elastic modulus values from 390 to 440 GPa.
Many experimental studies have been conducted to
investigate the relationship between B ﬁber structure and
fracture strength [46–49]. For example, Carlsson [49] studied the relationship between ﬁber morphology and
mechanical properties for B ﬁbers fabricated in the temperature range 1000–1500 C. He classiﬁed the B ﬁbers into
two main categories: amorphous ﬁbers and crystalline
ﬁbers. Three diﬀerent amorphous nodule morphologies
were identiﬁed with diﬀerent mechanical properties: amorphous B ﬁbers with nodules radially aligned along the tungsten ﬁlament were found to possess the highest fracture
strength (3.3 GPa). Amorphous B ﬁbers with uneven
amorphous nodules had an average fracture strength
2.5 GPa. Amorphous B ﬁbers with randomly oriented
nodules on top of a crystalline boron layer had lower fracture strength (<1.5 GPa). The B ﬁbers with a crystalline
morphology were found to have the lowest fracture
strength (<1 GPa). Carlsson concluded that having an
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amorphous mantle would provide the highest fracture
strength. Carlsson and coworker [48] also investigated the
inﬂuence of strain-rate, gauge length and ﬁber diameter
on the tensile fracture strength of B ﬁbers. They found that
the fracture strength of the B ﬁbers tested was independent
of the strain-rate as well as the ﬁber diameter but decreased
with an increase of the gauge length.
Because of their excellent mechanical properties, B ﬁbers
have been used as high-performance reinforcement in
advanced composites [51,52]. Perhaps the high modulus,
high-strength B nanowires (having also a large aspect ratio)
discussed herein will ﬁgure prominently in future advanced
ceramic and metal matrix composites.
5. Conclusion
Crystalline boron nanowires were studied with a
mechanical resonance method inside a SEM. The mechanical resonance of cantilevered nanowires was excited with
an electrically or mechanically induced periodic load. The
nanowire’s diameter was measured in the SEM, and a
three-dimensional reconstruction method was used to
obtain the nanowire length. An oxide layer on the surface
of the nanowires was observed by TEM. A correction
was made to the resonance test results to account for the
inﬂuence of the boron oxide coating. The Young’s modulus
values obtained ranged from 300 to 400 GPa. The eﬀect of
boundary conditions on the resonance frequency was studied and imperfect clamping was found to reduce the resonance frequency of the cantilevered nanowire.
Tensile tests were also performed on the boron nanowires, and the fracture strength and Young’s modulus values were obtained. The fracture strength of the nine B
nanowires tested ranged from 2 to 8 GPa. The average elastic modulus obtained with the tensile tests is 320 GPa,
consistent with the resonance test results.
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