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ABSTRACT

The first stages of plasticity in three-point bent Au nanowires are investigated by in situ three-point bending tests in combination with Laue
micro-diffraction. To separate the elastic and plastic deformation, loading-unloading cycles were performed with increasing load in each
consecutive cycle. The storage of the first four geometrically necessary dislocations of [011](111) slip system is observed in the vicinity of
both clamping points, which might be attributed to the local rotations induced by the rigid Si support. At later stages of the deformation,
additional slip systems are activated either by the torsion of the nanowire or by unintentional indentation from the AFM tip. The cyclic loa-
ding-unloading approach combined with Laue microdiffraction thus allows to study the onset of plasticity in defect-scarce nanostructures
deformed by bending, offering additional possibilities in studying the dislocation nucleation process in bent nano-objects, which are essential
for future applications, e.g., in flexible electronics and nano-electromechanical systems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012816

In 2004, Uchic et al. pioneered the field of micro-compression
testing on focused ion beam (FIB) fabricated metal micropillars,
revealing a trend that became known as “smaller is stronger.”" Since
then, the number of studies on the mechanical properties of micro-
and nanostructures increased tremendously.”” While the first experi-
ments focused on the ex situ characterization of the plasticity at the
microscale,' recent works concentrate more on the in situ monitoring
of the deformation by scanning electron microscopy,” transmission
electron microscopy,” ” or synchrotron X-ray diffraction techniques,’
including Laue micro-diffraction” '" and Bragg coherent X-ray diffrac-
tion imaging.' >

The very large elastic energy that may be stored in nanostructures
strained up to the theoretical limit of elasticity of the material may
favor the nucleation of dislocations. The nucleation of the first disloca-
tions in defect-scarce nanostructures has recently attracted consider-
able attention.' '® In the case of tensile tested single-crystalline

defect-scarce Au nanowires, partial dislocations with the highest
Schmid factors were demonstrated to be nucleated from the free sur-
face and rapidly glide through the nanowire leading to twin mediated
deformation.”” In contrast to the numerous studies on tensile tested
nanowires in existing literature,” *'” bending-induced plastic defor-
mation is not well investigated despite its importance for applications
such as flexible electronics or micro-electromechanical systems. Most
of the works on bending experiments concentrated on FIB-milled can-
tilever beams.'”"® The influence of strain gradients on the dislocation
nucleation, however, remains unclear. In 2012, Schopf et al. observed
ultrahigh yield strength during the cantilever bending of copper nano-
wires, which they attributed to the nucleation of partial dislocations."’
For Au nanowires bent as a consequence of buckling” and for Ni
nanowires bent by a colloidal thin film under electron beam irradia-
tion,”” the storage of dislocations and the formation of low angle grain
boundaries were reported, respectively. Some recent MD simulations
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on the bending of Au nanowires,”’ on the other hand, suggest that,
similar to uniaxial tensile tests, partial dislocations nucleate from the
surface leading to the formation of wedge-shaped twins, which
accommodate the nanowire bending and completely vanish upon
unloading.

In a previous work,'" we reported on the mechanical behavior of
Au nanowires loaded in a three-point bending configuration moni-
tored in situ by Laue micro-diffraction, revealing the activation of
unexpected slip systems and the storage of geometrically necessary dis-
locations (GNDs), which is attributed to the dislocation nucleation
process at the clamping points. While these studies concentrated on
severely plastically deformed nanowires, the present work focuses on
the first stages of plasticity in three-point bent nominally defect-free
Au nanowires that were cyclically loaded and unloaded to separate the
influence from the elastic strain and defects. In a seemingly elastic
regime, the storage of the first GNDs is revealed by the splitting of the
Laue diffraction peaks at both clamping points.

The in situ three-point bending experiments are performed on
the BM32 beamline at the European Synchrotron ESRF in Grenoble
(France). For this  purpose, the in situ AFM “SFINX” was installed on
the sample stage,”” which is inclined by 40° with respect to the inci-
dent polychromatic X-ray beam. The polychromatic X-ray beam with
an energy bandwidth ranging from 5 to 25 keV was focused down to
500nm (V) x 500nm (H) on the sample surface using a pair of
Kirkpatrick-Baez (KB) mirrors. The Au Ly fluorescence yield was
monitored using a Rontec XFlash energy-dispersive detector, and the
Laue micro-diffraction patterns were recorded by a MarCCD detector
with a pixel size of 80 m, which was installed at an angle of 90° and
at a distance of 70 mm from the sample position.

Single-crystalline nominally defect-free gold nanowires were
grown by vapor phase deposition on carbon-coated tungsten sub-
strates."* The as-grown nanowires are deposited on a Si surface pat-
terned with 10 um wide and 1.5 um deep micro-trenches, employing
the same procedures as described elsewhere.'”"" As illustrated by the
SEM image in Figs. 1(a) and 1(b), the Au nanowire used in this experi-
ment (length: 23.7 um, width: 0.7 um) crosses two micro-trenches and
lies almost perpendicular to the Si supports. According to the previous
studies,’’ the nanowire growth direction is [011] and the loading
direction is [111]. Prior to the nano-mechanical test, the SFINX-tip
and the focused X-ray beam were positioned in the center of the left
trench using AFM topography and scanning X-ray fluorescence map-
ping, respectively. Lowering the SFINX tip with a constant speed
of 1.5nm/s, the tip pushes against the suspended nanowire and
deflects it. To separate the elastic and plastic deformation, three
loading-unloading cycles were performed with increasing load in each
consecutive cycle, as schematically illustrated in Fig. 1(c). At each load-
ing and after each unloading, a 2D X-ray diffraction map of the sus-
pended nanowire was recorded, employing the KB scan approach.”
Here, the focused X-ray beam is scanned by translating the horizontal
(along the nanowire direction) and the vertical (perpendicular to the
nanowire direction) KB mirror in steps of 1 um and 0.2 um, respec-
tively, thus measuring the complete deformation profile of the nano-
wire without introducing any vibrations to the nano-mechanical
setup.

The diffraction patterns related to the Au nanowire are extracted
from the 2D KB-maps using the positions with the maximal Au Ly
fluorescence yield. Subtracting background diffraction patterns
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FIG. 1. SEM image of the Au nanowire (a) before and (b) after plastic deformation.
(c) Schematic of the loading-unloading sequence. The red lines represent the
stages where 2D Laue micro-diffraction maps are recorded.

recorded at the nearby bare Si substrate, the Si diffraction peaks are
removed, increasing the visibility of the Au nanowire Laue spots,
which were indexed by the LaueTools software.”* The background cor-
rected diffraction patterns at one loading stage are then summed up,
generating an integrated diffraction pattern, which represents a com-
plete orientation profile for one deformation state."'

The integrated diffraction pattern of the initial state is presented
in Fig. 2(a). The well-defined integrated diffraction peaks with a minor
spread signify that the Laue spots essentially remain at the same posi-
tions on the detector for all the points measured along the nanowire,
ie., the nanowire is perfectly straight. The small spread is due to
defects induced by a test loading performed prior to the experiment.
The integrated Laue pattern is composed of a set of parallelograms
located at each original Laue spot on the detector, as illustrated in Fig.
2(b). Concentrating on the Au 331 diffraction peak displayed in the
inset of Fig. 2(b), the horizontal and vertical displacements
(highlighted by the red and black lines, respectively) originate from
bending and torsion of the nanowire, which induce a rotation of the
crystal around the Au [211] and the Au [011] axes, respectively.'’

The evolution of the integrated diffraction peak is exemplified on
the Au 331 Laue spot in Fig. 2(c), illustrating the deformation process
during cyclic loading-unloading (more information can be found in
the supplementary material). During three-point bending, the inte-
grated Laue spots describe parallelograms, whose width and height
increase with increasing load, i.e., from one loading-unloading cycle
to the next. From the dimensions of the parallelogram’s shape, the
bending angle is inferred to be 5.2, 9.6, and 11.6° for the three consec-
utive loads, while the maximum torsion increases from 6.4 to 7.5 and
then to 9.5°. After the first and the second loading-unloading cycle,
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FIG. 2. Integrated Laue diffraction pattern of the Au nanowire (a) in its initial state
and (b) during three-point bending test. Inset: an enlarged area around the Au 331
Laue spot. The expected movements of the Laue spot on the detector for pure
bending (rotation around Au [211]) and for pure torsion (rotation around Au [011])
are indicated as red and black lines, respectively. (c) Integrated Au 331 Laue dif-
fraction peak during the cyclic loading-unloading process. (d) Schematic of the
three-point bending of the Au nanowire and position-dependent representation of
the Au 331 Laue spot recorded by KB-scans during the cyclic loading—unloading.
The red arrows highlight the appearance of split Laue diffraction peaks.

the integrated diffraction peaks return to roughly a single spot indicat-
ing that the nanowire returned to its initial state and that the deforma-
tion was essentially elastic. After the third loading-unloading cycle,
however, the integrated Laue diffraction pattern exhibits strongly
blurred diffraction peaks that evidence severe plastic deformation of
the nanowire (see Fig. S1 in the supplementary material).

While the nanowire remains essentially straight after the first two
cycles, the onset of plasticity can already be observed at both clamping
points, as well as around the loading position. To illustrate this, the Au
331 Laue spot is displayed separately for each measurement position
along the nanowire in Fig. 2(d). Near the loading position, the Laue
diffraction peaks are strongly blurred during loading, which corre-
sponds to the bending-induced strain gradient in the nanowire. After
unloading, the “comma shaped” diffraction peak remains slightly
spread, which is probably caused by the unintentional indentation of
the nanowire with the SFINX-tip. More and more diffraction peaks
are extended with the increasing number of loading-unloading cycles,
indicating a spread of these local defects along the nanowire. In
between the Si supports and the loading point, the diffraction peaks
are essentially elongated vertically during three-point bending, which
corresponds to the nanowire torsion. However, after unloading, the
diffraction peaks recover their initial sharpness, demonstrating that
this part of the nanowire remains basically defect-free. In the vicinity
of the Si supports, the diffraction peaks mainly show a horizontal
movement during loading, i.e., that the nanowire is deformed predom-
inantly by bending. After the first loading-unloading cycle, the Au 331
Laue spots are at the same position on the detector and have the
same shape as before, whereas split Laue spots are apparent at both
clamping points after the second cycle, as indicated by the red arrows

scitation.org/journal/apl

in Fig. 2(d). As pointed out by Hofmann et al.,,” while for bulk materi-
als, split Laue spots typically indicate the presence of low angle grain
boundaries, a small number of stored GNDs is sufficient to form simi-
lar structures in nano-objects.

The splitting of the Laue spots and the related storage of GNDs
were further evaluated by the indexation of the Laue diffraction pat-
terns [as the one shown in Fig. 3(a)] recorded in the vicinity of the
clamping positions. As illustrated by the decomposed rotation [see
Figs. 3(b) and 3(c)] of the nanowire crystal around the [111] top sur-
face direction, the [011] nanowire growth axis, and the [211] direction
perpendicular to the loading plane, the crystal rotates around the [211]
axis by about 1°. This rotation coincides with the local rotations
induced during the elastic bending. Considering the edge dislocations
for the 12 slip systems existing in FCC crystals, a rotation around the
[211] axis corresponds to the storage of [011](111) type edge disloca-
tions in the minimum energy configuration. The minor deviation of
the data points from the calculation is probably caused by uncertain-
ties in defining the exact locations of the Laue spots on the detector.

According to Nye,” the rotation angle A0 is directly related to
the dislocation density pgnp in the probed volume by

A0 = pgnp - L - b. M

Here, b is Burger’s vector and L is the length of the probed volume
along b. The absolute number of dislocations within the probed vol-
ume is estimated from pgnp by the following equation:

n=penp-L-t, (2)
where t is the nanowire thickness. Combining Egs. (1) and (2) yields
n=A0-t/b. (3)

Considering a nanowire thickness of 60 nm (see the FEM simulation
in the supplementary material), the lattice parameter of gold of
0.408 nm, and the measured crystal rotation of 1° results in about four
GNDs stored in the probed volume.

Previous three-point bending experiments focusing on severely
plastically deformed Au nanowires'' evidenced the activation of
[01T](111) and [101](111) slip systems and the storage of the corre-
sponding GNDs. The present work further explores the very first
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FIG. 3. (a) Laue diffraction pattern recorded in the vicinity of the left clamping point
after the second loading-unloading cycle showing split Laue spots. One-
dimensional orientation maps (c) at the left and (d) the right Si supports.
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stages of plasticity in three-point bent nanowires. The first signs of
defects are observed both at the loading position and in the vicinity of
the clamping points in the seemingly elastic regime. At these three
positions, the highest stress concentrations are located, as demon-
strated by finite element method (FEM) simulations (see the supple-
mentary material). While the applied force is not directly accessible
experimentally, the FEM simulations yield an applied force of 200 and
680 nN for the first and second loadings, respectively. The maximum
von-Mises stress in the second loading cycle, where the first GNDs
were found to be nucleated and stored in the vicinity of the clamping
points, thus corresponding to the yield strength of the nanowire,
amounts to 0.48 GPa. This value is in good agreement with tensile tests
on similar nanowire reported in the literature, yielding yield strengths
ranging from 0.4 to 1.6 GPa.”’

The nanowire was found to be predominantly deformed by
bending in the vicinity of the clamping points, where the elastic defor-
mation and the activated [011](111) slip system induce the same local
rotation. Note that the orientation of the nanowire with respect to the
Si ridges may have an impact on the activation of specific slip systems
by imposing a certain shape on the nanowire and thus local crystal
rotations due to their higher rigidity compared with that of gold.
Extensive torsion was evidenced in other sections of the nanowire, as
well as the unintentional indentation at the loading point, which may
eventually result in the activation of further slip systems at later defor-
mation stages. In the present work, however, the additionally activated
slip systems could not be determined due to the very weak diffraction
intensity of the plastically deformed nanowire after the third loadin-
g-unloading cycle (as illustrated by Fig. S1 in the supplementary mate-
rial). Further experiments are needed to probe the dislocation
multiplication process in defect-scarce nanostructures during three-
point bending tests.

In conclusion, the very first stages of plasticity in three-point bent
gold nanowires were monitored by in situ Laue micro-diffraction.
Successive loading and unloading of the nanowire allowed for decon-
voluting of the elastic strain induced broadening of the Laue spots and
the GNDs caused streaking. In a seemingly elastic regime, the nucle-
ation and storage of dislocations are observed at around the loading
position and in the vicinity of the clamping points, where the stress is
the highest. The storage of the first four GNDs of the [011](111) type
was evidenced by the splitting of the Laue diffraction spots by about 1°
in the vicinity of the clamping points. The rotation induced by the
GNDs coincides with the local deformation during elastic bending.
The maximum von Mises stress corresponding to the yield strength of
the Au nanowire amounts to 0.48 GPa, which is in good agreement
with the literature values on uniaxial tensile tests on Au nanowires.”’
Additional slip systems are activated at later stages of the deformation
induced either by the torsion of the nanowire or by unintentional
indentation from the AFM tip. As demonstrated, the cyclic loading-
unloading approach combined with Laue microdiffraction paves the
way to study the onset of plasticity in defect-scarce nanostructures
deformed by bending and allows for resolving the activated slip sys-
tems, as well as for determining the absolute number of stored GNDs.
Hence it offers additional possibilities in studying the dislocation
nucleation process in bent nano-objects, providing further insights
into the understanding of plasticity at the nanoscale, which are essen-
tial for future applications, e.g, in flexible electronics and nano-
electromechanical systems.
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See the supplementary material for further information about the
Laue micro-diffraction pattern of the deformed nanowire after the
third unloading, and the shape of the diffraction peaks after each
unloading and finite element method (FEM) simulations of the three-
point bending of the nanowire.
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