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This article reviews in situ mechanical testing of crystalline nanowires in
scanning and transmission electron microscopes, focusing on bottom—up syn-
thesized, single-crystalline nanowires. Major experimental methods including
resonance, bending, tension and buckling are summarized. In addition to
commonly encountered experimental issues, deformation mechanisms learned
from the in situ nanomechanical characterization are discussed highlighting
the roles of free surfaces, internal planar defects and point defects.

INTRODUCTION

Crystalline nanowires (NWs) are among the most
important building blocks for a broad range of
applications including nanoelectronics, optoelec-
tronics, energy harvesting and storage, ultrasensi-
tive sensing, and nanoelectromechanical devices.'™
These NWs generally exhibit ultrahigh mechanical
strength, which makes them ideal candidates for
studying fundamental deformation mechanisms at
the nanoscale.*” It is known that electronic band
gaps change with elastic strain, so do phononic band
gaps, thermal transport and other physical and
chemical properties. Therefore, the ultrahigh
strength also offers unprecedented opportunities to
tune the functional properties of crystalline NWs
through the elastic strain engineering.” As an
example, Si NWs were found to exhibit an enormous
range of elastic strain (over 12% for diameters less
than 20 nm),® which shows promise for elastic strain
engineering (e.g., the electron—hole recombination
rate was found to increase sixfold at 5% strain).”

Crystalline NWs exhibit marked differences in
mechanical behavior from their bulk counterparts as
a result of large surface-to-volume ratio. Free sur-
faces can affect the mechanical properties of NWs in
several ways. The first effect is through surface
stress. Due to the small sizes of NWs, the surface
stress may induce a significant compressive stress in
the interior of the NWs, leading to a size-dependent
yield strength.'® The second effect leads to size
effect in elasticity due to several mechanisms such
as surface elasticity, bulk nonlinear -elasticity
(as a result of the surface stress), and surface
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reconstruction.®!'? In the case of metal NWs, sur-
face dislocation nucleation becomes dominant,
which differs from collective dislocation dynamics
inside the microscale or bulk counterparts.'*°
This paper summarizes the recent advances in the
field of in situ nanomechanics of bottom—up synthe-
sized crystalline NWs in scanning and transmission
electron microscopes (SEM/TEM). The paper starts
with the commonly used in situ experimental methods
including resonance, bending, buckling and tension. In
addition to two challenges associated with these testing
methods, insights learned from the in situ mechanical
testing are presented highlighting the roles of free
surfaces, internal planar defects and point defects.

EXPERIMENTAL METHODS AND REPRE-
SENTATIVE RESULTS

A number of experimental methods have been
developed for mechanical characterization of crys-
talline NWs, which can be categorized into vibration/
resonance in SEM or TEM, '*~'? bending using atomic
force microscopy (AFM),?°23 and tension/bending/
bucklingg in SEM/TEM using a nanomanipula-
tor.242% In this paper, the resonance, bending, ten-
sion and buckling methods in SEM or TEM will be
discussed one by one (as shown Fig. 1), with repre-
sentative results for each method. In general, the
dependences of the measured Young’s modulus on
the equivalent NW diameter for these methods are
given in Table I. It can be seen that the resonance and
tension methods are less sensitive to the measure-
ment error in NW diameter than the bending and
buckling methods.
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Fig. 1. (a) Resonance test. A NW is clamped on a nanomanipulator probe and excited to resonance by mechanical vibration.'® Reprinted with
permission from Ref. 18. (b) Bending test. A vertically grown NW (in green) is bent by a nanomanipulator probe (in pink).*® Scale bar 1 ym.
Reprinted with permlssmn from Ref. 45. (c) Tension test. A NW is pulled between a nanomanipulator probe (actuator) and an AFM cantilever

(load sensor).?
sensor)?® (Color figure online).

(d) Buckling test. A NW is compressed to buckling between a nanomanipulator probe (actuator) and an AFM cantilever (load

Table I. Dependence of measured Young’s modulus (E) on equivalent NW diameter (d)

Resonance

Bending
E da? a*

Tension Buckling

d? da*

Tensile testing platforms based on microelec-
tromechamcal systems (MEMS) will be briefly dis-
cussed.?3 While thls s paper focuses on the bottom—
up synthesized NWs,?** some of the experimental
methods presented can be used for top—down fabri-
cated NWs and other one-dimensional nanostruc-
tures such as nanotubes.

Resonance

Resonance is a simple and widely used method to
measure Young’s modulus of carbon nanotubes and
NWs (Fig. 1a). According to a simple beam theory, the
nth mode resonance frequency of a cantilevered beam is

/3 EI
Wy = oA (D
where E is the Young’s modulus, I is the moment of
inertia, L is the beam length, A is the cross-sectional
area and p is the beam density. The f,, term is the
eigenvalue from the characteristic equation.*” When
the resonance frequency is measured, the Young’s
modulus can be calculated according to Eq. 1.
The resonance can be excited by thermal,'” electri-
cal'®'® or mechanical®® means. It is critical to distin-
gulsh so-called forced resonance and parametric
resonance. Parametric resonance is a resonance

phenomenon that arises because some parameter of
the system is varying periodically in time.** Assuming
the fundamental natural frequency wg, forced reso-
nance occurs at driving frequency o = wg, while para-
metric instability occurs at v = 2w¢/n (n integer larger
than or equal to 1). Chen et al. found that, if the NW is
aligned with the nanomanipulator tip resulting in an
axially applied force, parametric excitation dominates;
if the force is applied transverse to the NW length
forced excitation dominates.'® Failing to properly dis-
tinguish between these two types of resonances could
lead to incorrectly measured natural frequency, which
may be 2/n (n = 1, 2, 3, 4 can be observed readily in
experiments) times the true natural frequency, lead-
ing to a large deviation of the Young’s modulus.

When the diameters of the ZnO NWs were smal-
ler than about 120 nm, pronounced size effect in
elasticity was observed—the Young’s modulus
increased dramatically with the decreasing diame-
ter.'® When the diameters were larger than 120 nm,
the Young’s modulus approached that of bulk ZnO.
According to the proposed core—shell composite NW
model, the origin of the size dependence was
attributed to the surface stiffening effect as a result
of significant bond length contractions near free
surfaces (which extend several layers deep into the
bulk and fade off slowly).**
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Bending

For vertically aligned NWs that are epitaxially
grown on top of a substrate, bending has been used
to measure the fracture strength (Fig. 1b).*° In the
bending experiment, an AFM cantilever attached to
a nanomanipulator system was used to deflect a NW
in the lateral direction. The applied force can be
obtained from the measured deflection of the AFM
cantilever. Using this method, the bending strength
of [111]-oriented Si NWs synthesized by the vapor—
liquid—solid (VLS) method was measured. The
average strength was around 12 GP, close to the
theoretical fracture strength, which indicates the
high quality of the VLS-synthesized Si NWs.

In the bending experiment, a rigid nanomanipu-
lator tip can also be used. In this case, the bending
force cannot be directly measured, but the NW
bending deformation and bending strain can still be
measured. Chen and Zhu measured the fracture
strain of ZnO NWs of a large range of diameters
(85-542 nm).*® Large strains up to 4-7% were
measured before the elastic fracture. As a result of
the large fracture strain and the small NW diame-
ter, these NWs exhibited unprecedented flexibility.

Tension

Among all the mechanical testing methods, ten-
sile testing is the most straightforward one, which
can measure a full spectrum of mechanical proper-
ties such as elasticity, plasticity and fracture.*’ In
situ TEM tensile testing of top—down nanostruc-
tures (e.g., using focused ion beam) have been
studied.**=°° However, tensile testing of bottom—up
synthesized NWs is quite challenging due to
requirements of manipulating and fixing the
nanostructure and high-resolution measurement of
force and displacement. Ruoff and co-workers
reported the first tensile testing of individual carbon
nanotubes inside SEM.?* An individual nanotube
was picked up by a sharp tip on a stiff AFM can-
tilever and clamped onto the tip by electron beam-
induced deposition (EBID) of hydrocarbon available
in the SEM chamber. The other end of the nanotube
was clamped onto the tip of a compliant AFM can-
tilever. The stiff and compliant AFM cantilevers
were used as the actuator and the load sensor,
respectively, for the tensile testing.

Using fine probes (typically sharpened by electro-
polishing) attached to a nanomanipulator, individ-
ual nanostructures can be manipulated and har-
vested with minimal to no handling damage. Such a
probe is stiff and can be used as the actuator for
mechanical testing. Zhu et al. used a tungsten probe
attached to a nanomanipulator (Klocke Nanotech-
nik) and a compliant AFM cantilever (as the load
sensor) to conduct tensile testing of Si NWs
(Fig. 1c).® The force resolution was 5.25 + 0.38 nN.
For NWs with diameters ranging from 15 nm to
60 nm, the stress resolution ranged from 29.7 MPa
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to 1.8 MPa. The strain resolution was about 0.03%.
Using digital image correlation (DIC), subpixel
resolution can be obtained, leading to a strain res-
olution of 0.01%.°! Using this method, the Young’s
moduli and fracture strengths of VLS-synthesized
Si NWs with diameters between 15 nm and 60 nm
were measured. The Young’s modulus decreased
while the fracture strength increased up to
12.2 GPa, as the NW diameter decreased. The
fracture strength also increased with the decrease of
the side surface area; the increase rate for these Si
NWs was found to be much higher than that for the
microfabricated Si thin films. Repeated loading and
unloading during tensile tests demonstrated that
the NWs are linear elastic until fracture without
appreciable plasticity, in contrast to the superplas-
ticity observed during in situ TEM tensile testing.”?

A microfabricated flexure beam and a nanome-
chanical transducer (Hysitron) have also been used
as the load sensor. The measured noise floors of the
force measurement for the flexure beam and
the nanomechanical transducer in the SEM/FIB
chamber are approximately 50 nN and 700 nN,
respectively. Using such load sensors and a
nanomanipulator probe, tensile tests of Cu nano-
whiskers were performed.?® Note that nano-
whiskers are typically referred to a specific type of
NWs that are synthesized by physical vapor depo-
sition and contain no or negligible internal planar
defects. The Cu nanowhiskers exhibited ultrahigh
strengths (close to the theoretical strength) and the
absence of large amounts of plasticity, which are
both attributed to the small sizes and high crys-
talline quality of these nanowhiskers. A piezoresis-
tive AFM cantilever has also been used as the load
sensor.”?

It is worth mentioning MEMS-based mechanical
testing platforms. MEMS consist of micrometer-
scale components but offer nanometer displacement
and nano-Newton force resolutions. MEMS have
played an important role in mechanical testing of
microscale thin films.?*®® They are showing
tremendous potential to impact the nanomechanical
characterization through controlled actuation with
high spatial and temporal resolutions, high-resolu-
tion force/displacement measurements, integrated
multi-functions and tiny size for in situ SEM/TEM
testing. Zhu and Espinosa developed the first inte-
grated nanoscale testing system using MEMS
technology.?”%° In the past decade, there has been
extensive interest in developing fully-integrated
MEMS-based platform for in situ SEM/TEM
experimental nanomechanics.®'~%* For more details
on MEMS-based nanomechanical testing, please
refer to a recent review.>?

Buckling

In situ SEM/TEM compression on micro/nano-
pillars have been extensively studied.®®7 Due to
the large slenderness ratio (i.e., length vs.
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diameter), however, NWs typically buckle under
compression. Buckling tests have been used to
measure Young’s moduli of several NWs such as
Si,%® Zn0'® and Boron.?® Similar to the tension test,
the testing apparatus also includes an actuator and
a load sensor, but the load sensor is typically much
more compliant compared to the tensile test.

Xu et al. measured the buckling behavior of ZnO
NWs using a compliant AFM cantilever as the load
sensor.”?® After the NW was clamped between the
nanomanipulator probe and the AFM cantilever,
the NW was continuously pushed until buckling.
The post-buckling shape of the NW can be clearly
seen (Fig. 1d). The force and compression data were
directly obtained from the SEM images, similar to
the tension test. The force resolution was
0.07 & 0.01 nN. According to the Euler buckling,
the Young’s modulus of the NW was calculated.

Due to the surface effect, the Young’s modulus of
a NW measured under different loading modes G.e.,
tension and bending) can be different. For NWs
under bending (including buckling and resonance),
the surfaces carry the largest stress and strain; by
contrast, NWs subjected to uniaxial tension undergo
uniform stress across the cross-section. The Young’s
modulus of ZnO NWs measured from both tension
and buckling tests showed the stiffening trend, i.e.,
it increases with decreasing diameter. In addition, a
loading-mode-dependent size effect was reported;
more specifically, the Young’s modulus under
bending was lar§er than that under tension for the
same NW size.?

EXPERIMENTAL ISSUES

Effect of Clamping on Measured Mechanical
Properties

In mechanical testing of nanostructures, it is
common to clamp them using EBID of hydrocarbon or
platinum. The clamping is not infinitely rigid as often
assumed; hence, it is of relevance to investigate the
effect of the clamping on the measured mechanical
properties. Using the resonance test, the effect of
clamping on the measured Young’s modulus of NWs
was investigated via a combined experimental and
simulation approach, with ZnO NWs used as an
example.'® The resonance tests were performed
in situ inside a SEM and the NWs were cantilevered
on a tungsten probe by EBID of hydrocarbon. EBID
was repeated several times to deposit more hydro-
carbons at the same location. The resonance fre-
quency increased with the increasing clamp size until
approaching that under the “fixed” boundary condi-
tion. The critical clamp size was identified as a func-
tion of NW diameter and NW Young’s modulus. This
work illustrated the importance of considering the
effect of clamping in measurements of Young’s mod-
ulus using the resonance method.

Gianola and co-workers have reported that the
stiffness of the EBID clamps commonly used for
nanoscale tensile testing is approximately of the
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Fig. 2. Raman measurement and FEA of the temperature profile of a
thermal actuator along the shuttle (starting from the specimen edge)
under two different actuation voltages. Solid lines represent the FEA
results and dots represent Raman measurements. The dashed
vertical line shows the position of the nearest pair of heat sink beams
(from the specimen edge).”® Reprinted with permission from Ref. 70.

order of that of inorganic NW specimens.®® As a
result, inconsistent and significant errors could be
introduced in measurements of displacement and
hence strain and Young’s modulus, depending on
the stiffness of the sample and the geometry of the
clamp. In addition, permanent clamp deformation
could be misinterpreted as plastic deformation in
the NWs. The authors suggested that a local mea-
surement of strain be necessary for mechanical
testing when EBID clamps are used. EBID depos-
ited markers on the NW can be used for the local
measurement.

Temperature Control in Thermal Actuators

MEMS thermal actuators can provide stable,
displacement-controlled loading and have become
widely used in nanomechanical testing.?° However,
a potential drawback of the thermal actuator is the
undesired sample heating. To circumvent this
problem, Zhu et al. introduced so-called heat-sink
beams as a simple solution.”® The heat-sink beams
connect to the specimen end of the thermal actuator,
providing heat dissipation pathways to the sub-
strate. Recently, Qin and Zhu reported experimen-
tal measurement and multiphysics modeling of the
temperature profile of the thermal actuator.”® The
temperature measurement was based on Raman
scattering in air. Fully 3D multiphysics (coupled
electrical-thermal-mechanical) simulation was
used to treat both the air and vacuum conditions;
the air and vacuum conditions are of relevance to
the Raman measurement and the in situ electron
microscopy testing of nanostructures, respectively.
For the same thermal actuator, the Raman mea-
surement and multiphysics modeling were carried
out with and without the heat sink beams (as shown
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in Fig. 2); the heat sink beams were carved out by
FIB. This work clearly demonstrated that the heat
sink beams play a critical role in reducing the
temperature at the specimen end of the thermal
actuator. To reach reasonably large actuator dis-
placement while maintaining low temperature,
several design guidelines were provided including
more inclined thermal beams, more heat sink
beams, small inclination angle, and relatively short
heat sink beams.

INSIGHTS GAINED FROM IN SITU
MECHANICAL TESTING

In situ SEM/TEM mechanical testing has helped
further our understanding of how crystalline NWs
deform, yield and fracture, especially when com-
bined with atomistic simulations. Free surface, often
considered as one type of planar defects, is known to
have significant impact on mechanical properties of
crystalline NWS including metals, semiconductors
and ceramics.*”” In the case of metal NWs, surface
dislocation nucleation has been recognlzed as the
dominant deformation mechanism. Internal planar
defects (e.g., stacking faults and twin boundaries,
TBs) and point defects (e.g., vacancies, dopant and
catalyst atoms) are commonly present in many VLS-
synthesized semiconductor NWs”="® and solution-
synthesized metal NWs.”* 7 It is of interest to study
how dislocations nucleated from the free surfaces
interact with internal planar defects and its effect on
mechanical properties of NWs. Here, the scope is
limited to single-crystalline NWs, thus another type
of internal planar defects, grain boundary, is not
discussed. Recently, a growing body of evidence
suggests that nucleation of a first dislocation in a
pristine ¢ 7ystal is associated with diffusion of point
defects.?®7" Below, a few representative works
highlighting the effects of the three types of defects
in NWs are discussed.

Zhu

Effect of Free Surfaces

Surface plays the domlnant role in the size effect
on elasticity of NWs.5®3 Due to a competition of
factors such as bond saturation and redistribution of
electron density, surfaces can be either elastically
stlffer or softer than the underlying bulk mate-
rial.'*®* In addition, surface stresses, which also
arise from the coordmatlon number reductlon of
surface atoms, cause deformation of not only the
surfaces but also the underlying bulk material to
maintain the overall equilibrium,'® which changes
the elastic properties of the NW bulk (so-called bulk
nonlinear elasticity). The surface stresses can cause
surface reconstruction that further changes the
surface elasticity and surface stress.55

%ure 3 summarizes the regorted Young’s moduli
of Si®?286-91 and ZnOQ¥-2%8592-94 NWs as functions
of the NW diameter. Overall, the available data are
limited and scattered, which highlights the need for
accurate measurements of force, displacement and
cross-sectional area, as well as known boundary
conditions. In spite of the data scatter, Zhu et al.
showed a clear size effect for Si NWs®*—the Young’s
modulus decreases with the decreasing NW diame-
ter when the diameter is below about 30 nm
(Fig. 3a), which was attributed to the surface elas-
t1c1ty The trend agrees well with the DFT calcula-
tions® and the multiscale resonance calculations.”
For ZnO NWs, a more consistent size effect can be
seen (Fig. 3b)—the Young’s modulus along the
[0001] orientation increases with the decreasing NW
diameter. The size effect was also attributed to the
surface elasticity.!®?>% Xu et al. showed that the
size-dependence measured in bending modes is more
pronounced than the one measured under uniaxial
loading, conﬁrmmg the importance of the surface
elasticity.?® Size effect on the Young’s modulus of
metal NWs has also been reported with a stiffening
trend in general—the Young’s modulus increases
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Fig. 4. (a) MD simulation (cross-sectional view) and (b) TEM image of a penta-twinned (110) Ag NW showing the dislocation nucleation in two
equivalent slip systems.'®® Reprinted with permission from Ref. 103. (c) Snapshots of the tensile deformation of a single-crystalline (110) Au NW
showing the coherent twin propagation.'® Scale bar 1 um. Reprinted with permission from Ref. 102. (d, e) Two modes of deformation twinning in
single-crystalline (110) Au nanowhiskers: (d) formation of many small slip steps on multiple slip systems and (e) an extended thinned region that
tilts away from the tensile direction after fracture.’®' Reprinted with permission from Ref. 101.

with the decreasing NW diameter, which has been
attributed to either the surface elasticity or the bulk
nonlinear elasticity.26:51:96:97

Slip and twinning are two major plastic deforma-
tion mechanisms for bulk metals. For metal NWs, itis
not surprising that both slip (via perfect dislocations
or partial dislocations)? 1359899 and  twin-
ning'°°~1%? have been observed following nucleation
of leading partial dislocations from free surfaces. The

competition between these deformation mechanisms
is influenced by loading type, NW diameter, NW
orientation, side surface orientation, and tempera-
ture, which can be reasonably explained by Schmid
factors of the leading and trailing partial dislocations
and generalized stacking fault energies.”

The slip by partial dislocations has been reported
in penta-twinned Ag NWs (with five TBs perpen-
dicular to the NW cross-section).’®® MD simulations
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Fig. 5. (a) Measured stress—strain curves for a penta-twinned Ag NW (120 nm in diameter) showing stress relaxation and recoverable plas-
ticity.”® (b) MD simulations showing fully recoverable plasticity and associated dislocation activities in a 30-nm-diameter penta-twinned Ag
nanowire.”® (i) during relaxation, dislocations are nucleated and confined by the penta-twinned nanostructure; (i) dislocations retract and
disappear during recovery. (c) HRTEM image of the fracture surface of the SiC NW."'® The loading direction is along the (111) direction. The
19.47° stacking fault is labeled as SF-19.47°. (d) Defect density as a function of NW diameter."'® Note that the defect density is defined as an
average volume percentage of defect parts in a randomly selected segment with a length of 2 um. The range between the dotted lines
corresponds to the diameter range tested in this work (17—45 nm). Here, 90° and 19.47° defects refer to highly defective structures and 3C
structures with a 19.47° stacking faults, respectively. Images (c) and (d) are reprinted with permission from Ref. 113.

showed that two leading Shockley partial disloca-
tions are usually activated at each dislocation
nucleation site on the side surface, which was con-
firmed by post-mortem TEM images (Fig. 4a and b).
Since the intrinsic stacking fault energy is much
smaller than the unstable stacking fault energy, slip
by the leading partial dislocations is expected to be
the dominant deformation mechanism.”®'%* Seo
et al. reported a superplastic deformation in single-
crystalline Au NWs induced by coherent twin
propagation, which converted the initial (110)-ori-
ented NW with a rhombic cross-section and {111}
side facets to a (100)-oriented NW with a rectan-
gular cross-section and {100} side facets (Fig. 4c).'%
Sedlmayr et al. also reported deformation twinning
as the dominant deformation process in single-
crystalline Au nanowhiskers, but in two different
modes: formation of a large number of small twins
distributed along the length of the whisker or the

formation of one long twin (Fig. 4d and e).'°" These
two deformation modes corresponded to two classes
of stress—strain curves, with the former demon-
strating continuous flow and the latter showing
pronounced stress drops.

Effect of Internal Planar Defects

Penta-twinned NWs contain a fivefold twinned
nanostructure with five TBs running along {111}
planes in parallel to the longitudinal axis of the
NWs and five surface facets along {100} planes with
a pentagonal cross-sectional morphology (Fig. 4a).
For penta-twinned Ag NWs, a dislocation-mediated,
time-dependent and fully reversible plastic behavior
was recently reported.”® Figure 5a shows the
stress—strain response during a typical tensile test
of a penta-twinned Ag NW in four steps: loading,
relaxation, unloading and recovery. During the



In Situ Nanomechanical Testing of Crystalline Nanowires in Electron Microscopes 91

relaxation step (i.e., holding the actuator displace-
ment), the stress decreased with time, while the
strain increased. After unloading, the strain in the
NW completely recovered in about the same amount
of time as the relaxation. This behavior originates
from the surface nucleation, propagation and
retraction of partial dislocations. The TBs and their
intrinsic stress field promote retraction of partial
dislocations, resulting in full strain recovery. Fig-
ure 5b illustrates two snapshots of the MD simula-
tions showing the deformed Ag NW during
relaxation and recovery, respectively. Due to the
same dislocation/TB interaction, a Bauschinger
effect was found for the penta-twinned Ag NWs
under cyclic loading.'®® The Bauschinger effect has
been reported in thin films and NWs as a result of
the heterogeneous distribution of grain size,?%1%7
dislocation—grain boundary interaction,'®® surface
passivation,’*>!1% or twinning—detwinning transi-
tion.''! It should be noted that, for the observed
recoverable plasticity, the applied strain to the NWs
was relatively small (<2%) and hence the partial
dislocations did not transmit across the TBs, which
is essential for the recoverable plasticity.”® When
the applied strain was large, the obstructed partial
dislocations can transmit across the TBs.

Another effect of the pre-existing TBs in the penta-
twinned NWs is pronounced strain hardening.?%112
Strain hardening was size-dependent: thinner
nanowires achieved more hardening and higher
ductility. The size-dependent strain hardening was
identified as a result of the obstruction of surface-
nucleated dislocations by the TBs.'%® This work fur-
ther revealed the important role of the statistical
variation of source strengths of surface-nucleated
dislocations in the small-sized nanostructures.'

SiC NWs typically consist of three types of
microstructures, pure face-centered cubic (3C)
structure, 3C structure with an inclined stacking
fault (19.47° with respect to the NW length direc-
tion), and highly defective structure, in a periodic
fashion along the NW length.!® The SiC NWs were
found to deform linear elastically until brittle frac-
ture. The SiC NWs exhibited strong size effect in the
fracture strength; that is, the fracture strength
increased with decreasing diameter up to over
25 GPa and approaching the theoretical strength of
3C SiC. It is interesting to observe that the cracks
initiate and propagate in the 3C segments with the
19.47° stacking faults, rather than in the highly
defective segments (Fig. 5¢). It was observed that
the densities of both the 3C structure with an
inclined stacking fault (19.47° defect) and highly
defective structure (90° defect) decreased with
decreasing size (Fig. 5d). Hence, the size effect on
fracture strength of SiC NWs was mainly attributed
to the size-dependent defect density rather than the
surface effect that is common to single-crystalline
NWs. '3

Effect of Point Defects

It is interesting to note the relaxation behavior in
penta-twinned AgNWs as described above, which was
not observed in single-crystalline Ag nanowhiskers by
physical vapor deposition.”® A high-angle annular
dark-field scanning TEM image of the cross-sectional
sample showed the presence of vacancy defects near
the TBs in the penta-twinned Ag NWs. MD simula-
tions found that vacancy defects reduce dislocation
nucleation barrier at the free surface, facilitating
stress relaxation.”® Gianola and co-workers recently
reported a strong temperature dependence of strength
and its associated scatter in single-crystalline Pd
nanowhiskers, suggesting a surface diffusion mecha-
nism as the rate-limiting step needed to promote dis-
placive activity.®® In both cases, diffusion of point
defects plays an essential role in aiding dislocation
nucleation from free surfaces, while the exact nature
of the diffusion process remains elusive.

Recently, we discovered point defect-induced
giant anelasticity in single-crystalline ZnO and p-
doped Si NWs under bending.!'* At macroscopic
scale, anelaticity is usually very small or negligible,
especially in single-crystalline materials. Our study
found that single-crystalline ZnO and p-doped Si
NWs can exhibit anelastic behaviour that is up to
four orders of magnitude larger than the largest
anelasticity observed in bulk materials, with a
recovery time scale in the order of minutes. In situ
SEM tests of individual NWs showed that, upon
removal of the bending load, a substantial portion of
the total strain gradually recovers with time fol-
lowing instantaneous recovery of the elastic strain.
The observed anelasticity was attributed to stress-
gradient-induced migration of point defects.'

SUMMARY

A brief review of in situ mechanical characteriza-
tion of crystalline NWs inside SEM and TEM is pre-
sented, including the major experimental methods,
selected experimental results and commonly
encountered issues. These characterization methods
and related nanomechanics studies have contributed
tremendously to our understanding of the nanoscale
mechanical behaviors. In the past decade, surface
effect has received much attention in the community,
which certainly plays a critical role in nanomechan-
ical behaviors. On the other hand, single-crystalline
NWs, especially the chemically synthesized ones, are
known to possess a variety of internal planar defects
such as stacking faults and TBs. The interaction
between dislocations nucleated from free surfaces
and the internal planar defects has led to unusual
mechanical behaviors such as recoverable plasticity
and strain hardening. Also, a growing body of evi-
dence suggests that a diffusion-controlled process
might play an essential role in facilitating nucleation
of a first dislocation from free surfaces.
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