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Abstract

Size effects decisively influence the properties of materials at small length scales. In the context of mechanical properties,
the trend of ‘smaller is stronger’ has been well established. This statement refers to an almost universal trend of increased
strength with decreasing size. A strong influence of size on the elastic properties has also been widely reported, albeit with-
out a clear trend. However, the influence of nanostructure shape on the mechanical properties has been critically neglected.
Here, we demonstrate a profound influence of shape and size on the elastic properties of materials on the example of gold
nanowires. The elastic properties are determined using in-situ mechanical testing in scanning and transmission electron
microscopy by means of resonance excitation and uniaxial tension. The combination of bending and tensile load types allows
for an independent and correlative calculation of the Young’s modulus. We find both cases of softening as well as stiffening,
depending critically on the interplay between size and shape of the wires.

Introduction

In recent years, different techniques have been established
for in-situ mechanical testing of nanostructures, revealing
a size dependency of the properties commonly referred to
as size effect. For plastic deformation, a general trend of
“smaller is stronger” is well established [1-4]. Moreover,
recent work [5] suggests, that shape may indeed play a role
in determining the mode of plastic deformation. However,
it is not yet clear if elasticity on small scales is influenced
in a similar way as plasticity. While some researchers found
a stiffening [6] with decreasing size, other groups report a
softening effect [7]. Moreover, the shape has not been con-
sidered so far. Therefore, we present a correlative nanome-
chanical approach to evaluate the shape and size dependent
elastic behavior of metal nanowires. Next to tensile testing
[8, 9], bending[10, 11], compression [12], and nanoindenta-
tion [13], the measurement of resonance frequencies is an
elegant and widely used method to determine the Young's
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modulus of one dimensional nanostructures [14—16]. Criti-
cally, the accuracy of the data obtained from small-scale
mechanical testing is strongly affected by several factors,
such as the uncertainty of the geometric dimensions, espe-
cially the cross-sectional geometry of the nanowires [17],
load misalignment [18], wire clamping [19], and focused
ion beam (FIB) preparation artifacts [20]. All of these fac-
tors can lead to considerable error in the Young’s modulus
determination [21]. To further determine potentially small
influences of size and shape on this property, it is critical,
to minimize all sources of error. In this work, we, therefore,
focused on resonance measurements, which exclude many
of the aforementioned problems. Moreover, resonance is a
non-destructive method, enabling the cross-correlation of
results with subsequent tensile testing on the same wire.

Materials and methods
Sample system

We analyzed the Young’s modulus of freestanding gold
nanowires grown by physical vapor deposition [22]. Gold
was chosen as a model material due to its inertness to oxi-
dation and well-known properties. The nanowires have a
characteristic [110] growth direction. The samples exhibit
a broad range of different sizes and shapes, which offers the
opportunity to study and compare the influencing factors on
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the mechanical properties in detail (see Fig. S1). Moreover,
some nanowires exhibit twin grain boundaries along the wire
axis.

Sample preparation

Mechanical tests require isolated freestanding nanowires
firmly clamped on one side (see Fig. S2), and thus, a con-
trolled sample preparation method is needed. Here, we intro-
duce a workflow based on a controlled wire picking routine
in the SEM (see Figs. la—c, S3), which does not require the
use of a FIB and which enables the subsequent testing of the
elastic mechanical properties with resonance measurements
and tensile testing. A tungsten tip mounted on a microma-
nipulator, is aligned parallel to the desired nanowire and
brought into mechanical contact. After the alignment of the
tip, the nanowire is clamped with localized electron beam-
induced carbon deposition. The carbon deposition must be
carefully done, to ensure an appropriate clamping width with
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Fig.1 a Sample preparation with nm precise alignment using a
manipulator tip. b clamping of the nanowire with electron beam-
induced carbon deposition. ¢ controlled pulling off the nanowire from
the substrate. Exemplary SEM image of a picked nanowire with a
sheared nanowire end. d experimental setup in the SEM, using elec-
trical excitation for the resonance measurements. e exemplary SEM
image of a nanowire in resonance frequency showing an interference
pattern between the scanning electron beam and the resonance vibra-
tion of the nanowire. f subsequent tensile testing of the nanowire with
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good connection of the nanowire end to the tip. For each
wire, we chose the optimum clamping parameter according
to Qin et al. [19]. We analyzed the frequency shift induced
by the clamping to make sure that the parameters are optimal
(see Figure S4). After deposition, the nanowire is gently
pulled off the substrate usually resulting in a localized plas-
tic event close to or at the substrate. After picking, the size
of the nanowire can be assessed (see Fig. 1c) to estimate
the range of expected resonance frequencies and correlate
the shape to the vibration directions in dependence of the
nanowire dimensions.

Resonance measurements

For the resonance measurements, a second manipulator tip
is arranged perpendicular to the first one, enabling electrical
excitation [23]. In Fig. 1d, a schematic of the experimen-
tal setup in the SEM with the applied sinusoidal potential
generated by a waveform generator is shown. The electric

a calibrated spring table. g SEM images of the nanowires after the
destructive tensile test, with plastic deformation. h Amplitude—fre-
quency plot of an Au nanowire with two resonance vibrations. In i,
the corresponding vibrations are shown in top view (overlaid SEM
image of both resonance vibrations). The resonance vibrations f1 and
f2 are assigned to the corresponding nanowire dimensions. j STEM
image of the same nanowire in cross section, showing the microstruc-
ture
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potential results in a periodic attractive force between tip
and nanowire [24] which leads to an induction of vibra-
tions. When a frequency is applied to the nanowire, which
matches one of its resonance frequencies, the vibration
amplitude of the nanowire is greatly increased. This change
in amplitude is readily visible in SEM as shown in Fig. le.
By sweeping through a frequency range around the reso-
nance frequency and measuring the amplitude of the wire
vibration, frequency—amplitude diagrams are obtained (see
Fig. 1h and videos V1 and V2). Care has to be taken to
assign the correct vibrational mode to each peak. Consid-
ering the cross-sectional geometry, there are two (neglect-
ing twist and breathing modes) independent resonance
frequencies for rectangularly shaped nanowires. Due to the
electrical excitation, additional peaks appear at exactly half
of the resonance frequencies, which can be explained by
the applied force on a nanowire during excitation [25, 24]
(see Figure S5). Furthermore, next to the fundamental 1st
mode of vibration, also higher modes in resonance can be
reached, showing the characteristic vibrational nodes (see
Figure S6). For the direct visual assignment of the vibration
directions to the specific nanowire shape, the sample can be
tilted, which enables us to observe the nanowire from above.
Figure 1i shows the two fundamental resonance frequencies
of an exemplary wire superimposed on each other. They are
excited at different frequencies of 41.2 kHz and 128.9 kHz
and are orthogonal to each other (see Figure S7 and video
V3). Figure 1j shows a STEM image of the cross section
of the same nanowire taken after testing. With the direct
information of the characteristic vibration directions, shown
in Fig. 1i, the resonance frequencies can be unequivocally
assigned to the corresponding nanowire dimensions. The
STEM image reveals several twin grain boundaries along
the wide side of the nanowire, which might be one of the
reasons for the difference in quality factor for the observed
different vibrational modes. The additional grain boundaries
act as barriers for the vibration motion across the wide side
of the nanowire and the resonance amplitude at 41.2 kHz
gets damped. The second vibration direction at 128.9 kHz
has double the quality factor, indicating that it is not affected
by the twin structure.

Tensile testing

Taking advantage of the non-destructive resonance measure-
ments, the workflow can be extended to subsequent tensile
testing of the same nanowire (see Fig. 1f). After comple-
tion of the resonance measurement, the nanowire on the
micromanipulator tip is carefully attached to a calibrated
spring table (spring constant k=11 N/m) and then strained
along the axis in-situ in SEM (see exemplarily Fig. 3c for the
setup). By moving the manipulator, the nanowire is strained
(strain rate 2-3 x 107 s7!) and plastically deformed until

the wire tears apart (see video V4). The SEM images in
Fig. 1g show representative deformed nanowires after the
straining process. Both force and displacement are obtained
by template-based, sub-pixel accurate digital image corre-
lation. The force is calculated with the spring constant of
the spring table and the displacement of the sample. For
the strain, both ends of the wires are tracked individually
to rule out any influence by compliance effects of the test
setup. With this, the effective elongation and, therefore, the
strain on the nanowire can be accurately measured. After the
tensile test, a cross section for further TEM investigations is
prepared by FIB lift-out of an undeformed nanowire piece.
With the exact wire geometry, the force—displacement curve
is translated into a stress—strain curve. By using the linear
part of the stress—strain curves, the elastic modulus can be
evaluated and related to size and shape.

Instruments

The in-situ resonance and tensile tests are performed in a
FEI Helios Nanolab 660 using Kleindiek MM3A-EM micro-
manipulators and a Kleindiek spring table with a spring con-
stant of 11 N/m. The afterwards prepared nanowire cross
sections are analyzed in a FEI Titan Themis® 300 transmis-
sion electron microscope. For the resonance measurements,
an arbitrary waveform generator Rigol DG1022Z with a
frequency range of 1 uHz to 25 MHz and a sample rate of
200MSa/s is used. A sinusoidal wave with 2Vpp is applied
for excitation, and the frequency is swept through the inter-
esting frequency range (1 uHz resolution, range normally
between 1 and 200 kHz). To set the offset level/ the static
voltage V,, a Keithley sourcemeter 2400 is used (normally
between 0-2 V). For modeling the nanowire, the software
Abaqus/CAE 2017 from the Dassault Systémes Simulia
Group is used.

Results
Resonance measurements

The workflow of picking and measuring the resonance fre-
quencies followed by TEM investigation of the cross section
has been performed for many wires of different shapes and
sizes. On basis of the presented accurate characterization
and assignment of the vibrational modes, the elastic prop-
erties of the nanowire in [110] direction can be calculated.
We use classical beam theory according to Euler-Bernoulli
for the calculation of the Young’s modulus, which assumes
a long and slender beam with relative small deformations
[26]. With nanowire lengths in the range of 10 pm up to
25 pm, thicknesses below 1 um and strains during vibration
well below 0.1% (see Fig. S8), the boundary condition for
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the application of the theory is well fulfilled. The Young’s
modulus E can then be calculated though the equation:

_4ﬂ2.f2.L4.A.p

E
ﬁ4.]

ey

with the resonance frequency f, wire length L, cross-
sectional area A, density p, second moment of area I and
the factor # = 1.875 for the fundamental first resonance
mode. From the equation, it is immediately apparent that
the wire dimensions need to be precisely determined to get
an accurate measure of the Young’s modulus. Especially the
cross-sectional area and the second moment of area can only
be accurately determined by the direct measurement of the
cross section of the nanowires with sub-nm resolution. This
is done by preparing a thin lamella from each tested nanow-
ire and taking high-resolution STEM images (exemplarily
shown in Fig. 1j). We have to emphasize here that any rough
ball parking of the wire dimensions leads to critical errors in
the measured elastic modulus. Based on the TEM analysis,
we can achieve a maximum uncertainty of around 16% (see

Shape

Size

Fig.2 The nanowires are grouped according to their cross-sectional
size and shape: The relative size of the nanowires increases in row
direction, and the shape of the nanowires is grouped from left (regu-
lar shape) to right (high-aspect ratio rectangular shape). The arrow
cross in the upper right marks the vibration directions, and the color
code is defined by the characteristic Young’s modulus in the graph
on the right side, where the Young’s modulus is plotted vs. the rela-
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Fig. S9), making this step crucial in our study. To character-
ize the vibration direction of the nanowires, Abaqus’ FEM
analyses were performed, where the wire is modeled based
on the microscopic data (see Fig. S10).

Figure 2 presents an overview of exemplary nanowires
grouped by their size and shape based on the TEM analysis
of the cross-sections. Since each wire has two orthogonal
vibration directions, two independent measures of E are
obtained from the same wire. Conventionally, it would be
expected that both measures should be identical as both are
approximately only dependent on the stiffness along the
wire axis. However, we find this to be true only for wires
with a cross-sectional aspect ratio close to 1. For wires with
a rectangular cross section, two different stiffness values
are obtained, one for each vibrational direction (see Figure
S11). This splitting can be attributed to different character-
istic sizes in the different directions. We therefore classified
the measured stiffness values according to the size of the
wire cross section in vibration direction, to work out a size
dependency. In the columns in Fig. 2, the area of the nanow-
ire cross-section increases from top to bottom. Following
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tive nanowire size (see also Supporting Information S12). The num-
bered images serve to highlight specific examples. The inset shows
the shape dependency of the Young’s modulus of two nanowires with
nearly the same area. The sizes of the nanowires are measured as
the greatest possible distance in vibration direction. The red values
(roman numerals) are also tested in tensile loading
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the rows from left to right, the shape of the nanowires
changes to flat, belt-like structures. Some nanowires show
twin grain boundaries along the wire axis. In the following
description, we do not differentiate between wires with and
without twins, as we do not see a significant difference in
the Young’s modulus. Based on the resonance frequencies,
the Young’s moduli of the wires in the two directions are
calculated, and their respective magnitude is indicated by
the colored arrow cross in each image. The arrows indicate
the vibration direction, and the color scale is defined in the
y-axis of the graph on the right, as shown in Fig. 2. The
graph shows all the measured Young’s moduli versus the
characteristic size in vibration direction. Starting with wires
of equal aspect ratio, coming from the bulk side a decrease
in the Young’s modulus is found (see exemplary NW (6)).
Decreasing the size of the nanowires further (below 40 nm),
the Young’s modulus increases again to the range of the
bulk value [see exemplary NW (4)] and then further to val-
ues of 140 GPa [see exemplary NW (2)] and even 220 GPa
[see exemplary NW (1)]. For these wires, both resonance
directions result in a similar value for the Young’s modulus.
For wires with increasing aspect ratio, the shape gets more
and more important. In the inset of the graph in Fig. 2, two
nanowires with nearly the same size in terms of their cross-
sectional area are compared. By changing the regular shape
of the nanowire to a flat rectangular cross section, a split-
ting of the Young’s modulus for different load directions is
observed. This means that the mechanical properties of such
nanostructures cannot be simply related to a single char-
acteristic size. Instead the shape has to be critically taken
into account. This trend is seen for all belt-like nanowires,
with the individual stiffness values following the general
size relationship. For instance, NW (III) shows a bulk-like
stiffness of around 80 GPa along its long direction which
extends to a length of just close to 1 pm. In the orthogonal,
much shorter direction (96 nm), a softening down to around
50 GPa is observed. For much smaller belts, such as in the
case of NW (3), the long side shows a softening down to
50 GPa, with the short side becoming much stiffer reaching
values of over 300 GPa.

Subsequent tensile testing

With the strong discrepancies in stiffness in different bend-
ing directions, it was of further interest to characterize this
property in a different load setting to cross-correlate the
results. Tensile loading only results in a single value for
the stiffness along the wire direction, which should corre-
late in some way to the values found for different bending
directions. In Fig. 3, three representative nanowires with
different elastic behaviors are shown. According to the char-
acteristic resonance frequencies, wire I, with dimensions in
the range of 30-36 nm (Areayy; ;=947 nm?), has a stiffness

in the range of 100 GPa in both bending directions. The
subsequent tensile test results in the same value, which con-
firm not only the validity of the resonance measurements
but also solidifies the size—stiffness relationship. Increasing
the nanowire size to dimensions in the range of 96—-100 nm
(Areay; ;= 6989 nm?) leads to a softening effect compared
to the bulk value (see Fig. 3 Wire II). Both, the tensile test
and the resonance analysis, result in an overall Young’s
modulus in the range of 52-55 GPa. Wire I and wire II
exhibit a rather regular shape with cross-sectional aspect
ratio close to 1, enabling the clear assignment of one single
Young’s modulus to both of the measured resonance fre-
quencies, which is further confirmed by the additional ten-
sile tests of the same nanowires. In contrast to that, wire III
has a belt-like structure with cross-sectional dimensions of
96 nm and 954 nm, respectively (Areay; ;= 101,561 nm?).
Reaching nearly 1 um in one direction, the stiffness is in the
range of the bulk value of gold with 84 GPa, according to the
corresponding resonance vibration at 226 kHz. Evaluating
the resonance frequency of 20 kHz in the 96 nm thin direc-
tion, we obtain a Young’s modulus of 56 GPa, which is in
the softening range. In tension, however, we obtain a value
of 78 GPa, which lies in between the two values obtained
from resonance. For this wire, it is clearly not possible to
relate the size effect of stiffness to a single characteristic
wire dimension, instead the shape has to be considered even
in uniaxial tension.

Discussion

In contrast to previous studies, we could not confirm a
general trend of softening [7, 27] or stiffening [6] with
decreasing size and neither a constant bulk-like value [28,
29]. Instead, we find two different regimes for the Young’s
modulus with decreasing size: a softening followed by a
stiffening regime. Over the past years, many researchers
have worked on theoretical models to describe the size
effects in the elastic behavior of nanowires. The size-
dependent change in elasticity has been attributed to one or
more of the following factors: Loss of atomic coordination
[30], electron density redistribution [31], lattice contrac-
tion due to compressive strain [32], surface relaxation pro-
cesses [33], and facet energy [34]. He and Lilley presented
a theoretical approach analyzing the influence of surface
stress on static bending [35] and in resonance vibration
[36]. Both cases are also studied extensively by Yun and
Parks [37]. Depending on the boundary conditions, both,
a stiffening [38] or softening [39] of metal nanowires are
predicted. Experimentally, a similar controversial trend
has been observed. Petrova et al. have shown a softening
of Au wires [7] while Li et al. have seen a stiffening [6]
or even bulk-like behavior [28]. The different models can
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Fig.3 a STEM images of nanowire cross sections of three different
nanowires (Wire I-III). Wire 3 shows a splitting of the Young’s mod-
ulus in resonance and in tensile testing a mixed value is obtained. b
the Young’s modulus of wire I (Stiffening) and Wire II (Softening)

be mainly traced back to three fundamental theoretical
concepts: Surface Stress Theory (SST) [40], Surface Elas-
ticity Theory (SET) [41, 42], and Couple Stress Theory
(CST) [43]. For fixed-free boundary condition, surface and
residual stresses are released [44], whereas the theories
of surface elasticity (SET) and couple stress (CST) are
widely discussed to describe the behavior of nanobeams.

However, only a combination of multiple theories [44],
in our case SET and CST, delivers a first model (taken
from Abazari et al.) to describe our experimental data.
Abazari et al. assume a rectangular beam with a thickness
h and width b. To simplify the mathematical description of
the surface effects, they assume beams with a high aspect
ratio with &> > h and therefore only consider the thick-
ness h as critical parameter, see Fig. 4a. Based on a general
core—shell approach, the surface and the core of the nano-
beam are treated individually. The CST describes the influ-
ence of the core on the effective Young’s modulus. The
SET describes the mechanical properties of the surface.
According to Abazari et al. the effective Young’s modulus
of the nanobeam is given as E ;= Eg;, — (SET) + (CST):
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are verified in the corresponding stress—strain curves. ¢ setup of the
tensile test in SEM with calibrated spring table and manipulator. The
wires show characteristic plastic deformation after the straining

() @

In this model, the surface is expected to have a reduced
surface modulus E, which is explained by the lower coor-
dination number (softening effect). The surface elasticity
C, depends on the assumed layer thickness ¢ (~ 1 nm) and
is defined as C;=0 - (Eg, — E,). On the other side, the
core introduces a stiffening effect, which depends on the
material-specific length scale parameter 1 [44]. The Pois-
son’s ratio is described by v. The combination of both
theories illustrates the competing interplay of the core and
the surface and represents a first model including stiffening
and softening mechanism at the same time (see Fig. 4b and
c). We extended the equation by Abazari et al. to include
the increased impact of the surface elasticity caused by the
width b (see Supporting Information S12). In that term,

E.p= Egyy 6CS<%> +24

we introduce an effective length w= 4/<% + %), including
the width b and the beam thickness /. Figure 4d shows the
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Fig.4 Combination of Surface Elasticity (SET) and Couple Stress
theory (CST) to describe the effective Young’s modulus E_4 of a rec-
tangular beam in dependency of the width b and the height A. a Sche-
matic illustration of the assumed rectangular beam by Abazari et al.
with b> >h and L> > h, b. The beam is treated according to the gen-
eral core—shell model, where the surface layer (thickness 8) has dif-
ferent elastic properties compared to the bulk core. b Plot of the theo-
retical Young’s modulus according to the coupled stress and the
surface elasticity in dependence of the beam thickness /4. A rectangu-

stiffening and softening regime of the effective Young’s
modulus in dependence of the effective length w by assum-
ing a rectangular beam. The 3D plot in Fig. 4e illustrates
the effect of both geometric parameters b and h on the
effective Young’s modulus. Despite the rough assumption
of rectangularly shaped beams, this first approach already
supports the presented experimental data. Nevertheless,
the exact shape of the nanowire has to be taken into
account for a more complex description of the mechanical
behavior including the shape effect. While we cannot
determine exactly the involving surface effects, the pro-
vided experimental results show the size- and shape-
dependent interplay, which can lead to both softening and
stiffening.

lar beam with constant width b is considered. ¢ Fitted experimental
data with assumed rectangular cross section (fitting parameters
Cs=1429 ¥ '1=16 nm) according to the introduced combined model
and equatign by Abazari et al. d 2D representation using an intro-
duced effective length w=4/Z% + ;iThe experimental data show a
softening and a stiffening regime. e 3D plot of the effective Young’s
modulus in dependence of the two parameters width b and the height
h (fitting parameters Cg=700 % 1=12 nm)

Conclusion

Using in-situ resonance measurements combined with
subsequent tensile testing of nanowires in the SEM
followed by a precise analysis of the shape and micro-
structure in TEM allowed us to characterize the elastic
properties regarding size and shape. We find not only a
size-dependent trend of softening and stiffening but also
a clear influence of the shape. Wires with a rectangular
cross section exhibit different Young’s moduli in different
bending directions. In tension, a mixture of both values
is obtained. This study shows that not only size, but also
shape is critically important for the elastic properties of
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nanostructures. We believe that this shape effect has to be
considered in future modelling and experimental work.
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tary material available at https://doi.org/10.1557/s43580-021-00103-3.
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