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h i g h l i g h t s
 Mechanical properties of pentagonal silver nanowires were measured.
 Cantilevered beam bending technique was used.
 Measurements were performed inside a scanning electron microscope.
 Young’s modulus and yield point were calculated.
 Both plastic deformation and fracture of nanowires were observed.
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This paper reports in situ mechanical characterization of silver nanowires (Ag NWs) inside a scanning
electron microscope using a cantilevered beam bending technique. Measurements consisted in
controlled bending of a cantilevered NW by the tip of an atomic force microscope glued to the force
sensor. Relatively high degree of elasticity followed by either plastic deformation or fracture was
observed in bending experiments. Experimental data were numerically ﬁtted into the model based on
the elastic beam theory and values of Young modulus and yield strength were extracted. Measurements
were performed on twenty Ag NWs with diameters from 76 nm to 211 nm. Average Young modulus and
yield strength were found to be 90 GPa and 4.8 GPa respectively. In addition, fatigue tests with several
millions of cycles were performed and high fatigue resistance of Ag NWs was demonstrated.
Ó 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Silver nanowires (Ag NWs) are promising material for nanoscale
systems due to their excellent electrical and thermal conductivity
[1,2], perfect structure, and ease of synthesis. Among other applications, Ag NWs are considered as an alternative and even
replacement to indium tin oxide (ITO) in making transparent,
ﬂexible, and conductive ﬁlms [3e6]. Possessing the ability of
localizing electromagnetic energy in regions much smaller than the
wavelengths of light and being the metal with the lowest losses in
the visible spectrum [7], Ag NWs can also serve as waveguides for
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plasmon propagation in nanophotonics [8]. Besides the electrical
and optical properties, mechanical characteristics are also of a great
importance for performance of the named systems. In many applications NWs are subjected to mechanical stresses and deformations. In ﬂexible electrodes, as well as in various
nanoelectromechanical systems (NEMS) like e.g. nanorelays,
nanoswitches [9] and nanoresonators [10], NWs should withstand
numerous repetitive deformations. In nanophotonics large degree
of bending deformation of NW is often required to guide the light in
desired direction. It was also shown that defects or discontinuities
such as cracks introduced by bending of Ag NW strongly affect
surface plasmon resonance and light propagation in waveguides
[8,11]. Therefore a deeper understanding of elasticity, plasticity,
fatigue and fracture of Ag NWs is essential for performance and
reliability of above mentioned devices.
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Ag NWs among other metallic FCC NWs are known to form
pentagonal crystals with remarkable properties. Fivefold symmetry
in such NWs is conditioned by twin boundaries dividing ﬁve regular crystalline domains [12]. The speciﬁc structure of these NWs
leads to the presence of intrinsic elastic strain that in turn promotes
various mechanisms of stress relaxation [13]. Thus, a NW with the
peculiar internal structure and accumulated stress-induced defects
is expected to exhibit mechanical properties different from those of
the regular crystallinity [14].
There were several methods employed for mechanical characterization of pentagonal Ag NWs, namely, nanoindentation, three
point bending test and tensile test. Lucas et al. [15] studied plastic
deformation of a pentagonal Ag NWs by nanoindentation using an
atomic force microscope (AFM). Three point double-clamped beam
bending tests were performed by Wu et al. [14] and Jing et al. [16].
In this method a suspended Ag NW ﬁxed from both ends was bent
in the midpoint by the tip of AFM whilst Young modulus and yield
strength were calculated. Zhu et al. performed in situ tensile tests of
Ag NWs inside a scanning electron microscope (SEM) [17]. NW was
ﬁxed between the nanomanipulator tip and AFM cantilever and
then pulled until failure. Young’s modulus, yield strength, and ultimate strength were calculated from the deﬂection of the AFM
cantilever with known spring constant. Young modulus and yield
strength of Ag NWs measured by all listed methods were typically
higher than for bulk silver. Dependence of mechanical properties
on size was reported for diameters smaller than 100 nm [16,17].
Moreover, limited plasticity of Ag NWs during fracture was reported both by Wu and Zhu [14,17]. It should be noted, that
nontrivial fracturing behavior was observed also for some other
metallic NWs. For example Peng et al. found a size dependent
fracture mode for Cu NWs in tensile tests, demonstrating that with
decreasing diameter NWs behave more brittle [18]. Wang et al.
investigated strength of thin Au NWs by in situ tensile tests inside
TEM and found complicated fracturing scenarios of NWs exhibiting
ductile-to-brittle transition depending on twin size [19]. Therefore,
deformation and fracture mechanics of metallic NWs is an
intriguing topic deserving a particular attention.
Moduli and strengths of crystalline anisotropic materials
depend on test conditions. Therefore, although above mentioned
methods cover a wide range of mechanical properties, results
cannot be extended to all types of deformation. In many important applications, like already mentioned NEMS and nanoplasmonics, the pure bending takes place. To the best of our
knowledge, pure bending tests of Ag NWs were not reported in
literature yet. Therefore additional study of Ag NW deformation is
required.
Pure bending condition is realized in a method known as cantilevered beam bending technique, that has been successfully
applied for characterization of some NWs and nanotubes [20]. In
this method, generally based on the AFM technique, free end of
suspended NW is pushed by the AFM tip and Young modulus is
calculated from the deﬂection of the cantilever. Main disadvantage
of this method, as well as AFM based characterization in general, is
lack of visual feedback during measurements, i.e. imaging is made
only before and after the bending experiment. As a consequence,
essential data on the NW behavior during bending like e.g. neck
formation or crack propagation, are missing.
In this paper we describe application of advanced in situ cantilevered beam-bending technique [21] to measure mechanical
properties and monitor deformation of Ag NWs. In contrast to
traditional AFM bending tests, our measurements are performed
inside SEM enabling real-time visualization of NW behavior during
the measurements, and ﬁne control over the experiment. Selfmade force sensor, based on a quartz tuning fork (QTF), is used
for precise data acquisition.
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2. Materials and methods
2.1. Materials
Ag NWs were purchased from Blue Nano and had diameters in
the range from tens to a few hundreds nm with average diameter of
120 nm. High resolution SEM (Helios NanoLab, FEI) images revealed
straight and uniform NWs with well-pronounced pentagonal crosssection (Fig. 1).
A silicon calibration grating (TGX series, Mikromasch) was used
as a substrate. The grating comprised of 1 mm deep square holes
with 3 mm pitch having sharp undercut edges formed by the (110)
crystallographic planes of silicon. Ag NWs were deposited on the
grating from ethanol solution so that some NWs were partly suspended over the trenches.
2.2. Experimental set-up
Recently developed in situ nanomanipulation and measurement
set-up [22] was used in the experiments. The system comprises of
3D nanomanipulator (SLC-1720-S, SmarAct) equipped with a selfmade force sensor and installed inside a SEM (Vega-II SBU, TESCAN; typical chamber vacuum 3  104 mbar). The force sensor is
made by gluing an AFM cantilever with a sharp tip (Nanosensor
ATEC-CONT cantilevers C ¼ 0.2 N m1) to one prong of a
commercially available quartz tuning fork (QTF). The tip of ATECCONT cantilevers is tilted about 15 relative to the cantilever,
providing the tip visibility from the top. In experiments QTF is
driven electrically on its resonance frequency in self-oscillation
mode. Oscillation parameters of such system strongly depend on
the load acting on the tip, which enables to measure the forces
involved in manipulations. The signal from the QTF was ampliﬁed
by lock-in ampliﬁer (SR830, Stanford Research Systems) and
recorded through the ADC-DAC card (NI PCI-6036E, National Instruments). Typical values of the driving voltage were 20e50 mV
and corresponding tip oscillation amplitude in order of 100 nm. In
experiments the tip oscillated parallel to the sample surface (shear
mode) and normal to NWs. The force sensitivity of the sensor was
calibrated on precalibrated AFM cantilevers (FCL, AppNano and

Fig. 1. SEM micrograph of one of the Ag NWs used in bending tests and schematic of
pentagonal cross section with apparent diameter D. Circular cross-section of the same
D is given for representative purpose.
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CSG11 C ¼ 0.03e0.1 N m1, NT-MDT) similar to the procedures
described in Refs. [23,24]. The tip was electrically connected to the
QTF electrode to exclude charging effects. To make the QTF
response faster, the Q-factor was reasonably decreased by putting a
small drop of epoxy resin (Ecobond 286, Emerson & Cuming) onto
the opposite prong of the QTF. Schematics and actual micrographs
of experimental set-up are given in supplementary data (Fig. S1 and
S2).
2.3. Bending test
Advanced cantilevered beam bending scheme was employed to
measure Young modulus, yield strength and fatigue of Ag NWs.
Measurements consisted in visually controllable in-plane bending
of half-suspended NW by the AFM tip inside the SEM with simultaneous force registration. No special procedures were needed for
fastening the NWs to the substrate e the static friction between the
NW and the substrate was high enough to keep the adhered part of
the NW in place during the bending.
After the bending tests all NWs were characterized inside the
high resolution SEM to obtain precise data on diameters and
analyze the deformed area.
Numerical analysis of the bending test was based on the elastic
beam theory [25] described in more details in our previous works
[26]. The model enables to ﬁnd out the ﬂexural rigidity of the NW,
which is a product of the Young modulus E and area moment of
inertia I. Young modulus is an intrinsic property of material, and the
area moment of inertia is determined by the cross-sectional geometry of the NW. Ag NW was modeled as a prismatic beam with
pentagonal cross-section. Force-displacement curve within the
approximation of the pure in-plane bending of an elastic beam of a
given EI was calculated. Experimental and modeled forcee
displacement curves were ﬁtted for the determination of E as unknown parameter. The yield point was identiﬁed as the point where
curves diverge. If the tip slid along the NW during bending it was
accounted in ﬁtting procedure as the change of the beam effective
length.
3. Results and discussion
Measurements were performed on twenty NWs with diameters
ranging from 76 nm to 211 nm. Typically two regions were clearly
distinguished on bending curves as shown in Fig. 2. In initial region
(aeb) NW bends elastically and the force grows nearly linearly with
the bending. It was also conﬁrmed separately on several NWs that
in the linear region the NW returns to the undeformed state upon
removal of the external force. Then the slope of the force curve

changes, which indicates the onset of the plastic yield. The
following region (bec) corresponds to the plastic deformation of
the wire. At the region ced the tip is retracted and the force decreases to zero. The same NW was then deformed more to ﬁnd the
critical deformation before the fracture. However, as seen from
Fig. 2f even strongly bent NW has no signs of fracture, and deformation seems to be purely plastic, indicating signiﬁcant difference
of Ag NW behavior in pure bending conditions in comparison to
“super elastic behavior followed by unexpected brittle failure” [17]
and limited plasticity [14] reported in three point bending and
tensile tests respectively.
Nevertheless about one third of NWs did break during the
bending (Fig. 3). In this case three regions on the force curve can be
distinguished. Incident elastic bending (aeb) is followed by a steep
drop in the force (point b), which may correspond to a partial
destruction of the NW and a crack formation. Region bec may
indicate the crack stabilization and the plastic deformation during
further bending. Finally NW breaks (point c). Event of the breaking
is accurately detected both from the video of the experiment and
from the abrupt drop of the force close to zero after the point c.
Subsequent observation in the high-resolution SEM revealed
rather brittle fracture of broken NWs without signiﬁcant residual
deformation (Fig 3). Such behavior is not what one would expect
from the plastic material like silver, however, now it agrees better
to the limited plasticity and brittle fracture reported in the tensile
and three point bending tests respectively [14,17]. On the other
hand, the broken end still remained partly attached to the rest of
the NW in all the cases of fracture, which is not typical for purely
brittle fracture. Moreover, very small, but nonzero force is still
detectable after fracture, which may indicate the presence of a
small neck connecting two parts of the NW.
For some NWs an intermediate state was observed, where
cracks appeared, but were poorly pronounced (Fig. 4a). Interesting,
that in some cases crack propagated to the half-depth of the NW
cross-section where it was terminated, so that further plastic
bending proceeded without the crack propagation (Fig. 4b, c).
Possible explanation could be a dissipation of the crack energy in
the core of the NW where all ﬁve crystallines are joined and form a
disclination [13]. This hypothesis is enforced by the fact that
amorphization is known to occur in disclination core [27]. Thus, the
fracture mechanism seems to be more complex possessing attributes of both ductile and brittle fracture. Such duality may be
related to pentagonal structure of Ag NWs, which leads to the
presence of intrinsic elastic strain due to peculiarities of their
ﬁvefold twinned structure [12,13]. The intrinsic strain possessing
elastic energy can facilitate the plastic ﬂow processes. On the other
side, the twin boundaries might decrease the mobility of defects.

Fig. 2. Bending test of Ag NW. Selected frames from video of experiment (aed), corresponding force curve vs. time (e), and high resolution SEM image of plastically bent NW after
the experiment (f).
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Fig. 3. Bending test of Ag NW. Selected frames from video of experiment (aed), corresponding force curve vs. time (e), and high resolution SEM image of broken NW after the
experiment (f).

Fig. 4. Ag NWs fractured after bending. Poorly pronounced crack (a) and a crack propagated to the core of the NW.

Therefore detailed analysis and simulations of the bending deformation is required.
The degree of the deformation Ag NWs withstood prior yield
and fracture was relatively high. Median curvature and strain in
elastic regime were 0.8  0.3 mm1 and 0.093  0.035 respectively.
Oscillation frequency of the tip in experiments was approx.
30 kHz. This allowed us to perform the fatigue tests of NWs and
evaluate the inﬂuence of the tip oscillations on the NW deformation during the bending test. The tip was brought into the contact
with the NW and oscillation amplitude was increased to the value
close to the maximal deformation prior the plastic yield. The tipNW system was left to oscillate for several minutes producing
several millions of bending cycles. No signs of the fracture or plastic
deformation, as well as changes in the force sensor signal were
observed indicating a high fatigue resistance of Ag NWs. However,
inﬂuence of the tip oscillation on the NW deformation during the
bending tests cannot be excluded completely. For example, mechanical excitation from the QTF can lead to the heat dissipation
and local elevation of the temperature. In this case an increased
mobility of defects can promote the plastic regime of the deformation. Therefore problems like fatigue, as well as mechanism of
deformation and fracture, need to be addressed in future researches
and studied systematically. Nevertheless, it can be concluded that
Ag NWs can be bent elastically multiple times to the signiﬁcant
curvatures without fracture and therefore are suitable for most
NEMS applications.
For numerical analysis of the experimental data the force curves
and NW proﬁles from the SEM images were ﬁtted to the curve given
by the equation of equilibrium for a bent elastic beam [26]. Fitting
of the experimental and modeled forceedisplacement curves is
shown on Fig. 5. Point of the divergence of two curves corresponds
to the onset of the plastic yield.
Measured Young moduli ranged from 39 GPa to 150 GPa with
the median of 90 GPa, which is only slightly higher than bulk value

83 GPa [28] of silver and is close to Young moduli obtained by other
methods for similar diameters, which conﬁrms relevance of our
method (Fig. 6).
Yield strength values are scattered without pronounced peak
from 1 GPa to 10 GPa with median average of 4.8 GPa. Literature
data on the yield strength of Ag NWs measured in pure bending
tests is absent. In tensile test for similar diameters Zhu et al. obtained yield strength of approximately 1 GPa, which is two orders
of magnitude higher than the bulk value (55 MPa) [28] and approaches the theoretical strength (3.5 GPa) of Ag in the <110>
direction [29]. Although for anisotropic materials the yield strength

Fig. 5. Fit of the theoretical (dashed line) and experimental forceedistance curves,
which yields Young’s modulus and yield strength of 113 GPa and 10 GPa respectively.
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m values correspond to a steeper Weibull plot and indicate a lower
dispersion of fracture stresses. In our experiment the Weibull
modulus obtained for yield strength of Ag NWs was 1.31 (Fig. 7),
which is lower than Zhu et al. [17] obtained in tensile test. This can
be due to difference in deformation type or distribution of defects
in NWs.
No correlation of measured properties with NW diameter was
observed, which is in accordance to expectation for considered
diameters. In other works it was shown that Young modulus approaches a constant value for Ag NWs thicker than 70 nm [16,32].
Finally we would like to discuss importance of the crosssectional geometry of NWs within frameworks of the elastic
beam theory. Although pentagonal symmetry is typical for Ag
nanostructures [33,34], it is common that researchers chose circular geometry for their calculations [14,16,35]. Indeed, such
assumption can be partly justiﬁed since in some cases the crosssection of Ag NWs can be considerably rounded [14]. Nevertheless, facets are still easily distinguishable, which leads to the
conclusion that even in those works where rounding of crosssection takes places, the real geometry can lie somewhere between pentagon and circle.
Area moments of inertia for pentagonal Ipent and circular crosssection Icirc [36]

Ipent


pﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
1 3 5
4

¼
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96 3 þ 5

Icirc ¼

Fig. 6. Young modulus versus diameter (a) and distribution of Young moduli (b) for set
of 20 NWs.

p
64

D4

(2)

(3)

where D is an apparent diameter as it is seen from the top view on a
SEM image and can be understood from the inset in Fig. 1. Now if we
compare Young moduli of the beams with the same D, but different
cross-sections, we obtain Epent/Ecirc ¼ 1.405. Thus, the circular
assumption gives underestimated results in bending tests of
pentagonal NWs. This can be a possible reason of low Young moduli
(below bulk value) reported by some authors for Ag NWs with
diameters larger than 90 nm [16].
In addition to rounding, distortions of pentagon are also reported in literature [13]. Facets, as well as the angles between the
facets, are not always equal. As an example, we estimated a possible
inﬂuence of unaccounted pentagon geometry distortion on Young
modulus for the case of a pentagon compressed to a different extent
in the direction normal to effective diameter D. For compression
factor varying from 0.8 to 1.2 we obtained Young moduli of

obtained by different methods cannot be compared directly, high
yield strength values and broad scattering in our experiments
indicate superior crystalline structure of NWs, low concentration
and random distribution of defects.
Common way to represent the distribution of material’s
strength is Weibull statistics [30,31]. The probability of plastic
deformation PY for a specimen at given deformation is:

  m 
sY
;
PY ¼ 1  exp 

s0

(1)

where sY is a yield strength and so is the characteristic yield
strength (i.e., the stress at which 63% of the specimens have failed
or deformed plastically), and m is the Weibull modulus. The Weibull modulus is a dimensionless parameter of the Weibull distribution used to describe variability in the measured strength. Higher

Fig. 7. Plot of Weibull statistics of yield strength for plastically deformed Ag NWs.
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particular NW ranging from 115 to 75 GPa. It is necessary to note,
that pentagon distortions cannot be easily detected from the top
view of the SEM image if distorted facet hidden under a NW.
Therefore, unaccounted deviations from regular pentagonal geometry may signiﬁcantly contribute to data scattering.
4. Conclusions
Silver NWs were characterized using the cantilevered beam
bending technique inside a SEM. Measurements consisted in
bending of cantilevered NW by an AFM tip glued to a self-made
force sensor. Under the bending load NWs demonstrated relatively high degree of elasticity followed by one of the two scenarioseplastic deformation or semi-brittle fracture. Measurements
were performed on 20 Ag NWs with diameters from 76 nm to
211 nm. Median Young modulus and yield strength were found to
be 90 GPa and 4.8 GPa respectively. No dependence of the mechanical properties on diameter was observed. Fatigue tests with
several millions of cycles were performed and it was demonstrated
that Ag NWs have high fatigue resistance and can be bent elastically
multiple times to signiﬁcant curvatures without failure. In addition,
it was shown, that correct determination of NW cross-section geometry is crucial for calculation of its elastic properties in frames of
the elastic beam theory.
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