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ABSTRACT
For metal nanofilms composed of nanocrystals, the multiple deformation mechanisms will coexist and bring unique and complex
elastic-plastic and fracture mechanical properties. By successfully fabricating large quantities of uniform doubly-clamped suspended gold
(Au) nanobeams with different thicknesses and nanograin sizes, we obtain full-spectrum mechanical features with statistical significance by
combining AFM nanoindentation experiments, nonlinear theoretical model, and numerical simulations. The yield and breaking strengths of
the Au nanobeams have a huge increase by nearly an order of magnitude compared to bulk Au and exhibit strong nonlinear effects, and the
corresponding strong-yield ratio is up to 4, demonstrating extremely high strength reserve and vibration resistance. The strong-yield ratio
gradually decreases with decreasing thickness, identifying a conversion of the failure type from ductile to brittle. Interestingly, the Hall-Petch
relationship has been identified to be still valid at the nanoscale, and K in the formula reaches 4.8 GPa∙nm1/2 nearly twice of bulk
nanocrystalline Au, this is ascribed to the coupling effect of nanocrystals and nanoscale thickness.

KEYWORDS
nanocrystalline Au nanobeams, atomic force microscopy, numerical simulations, full-spectrum mechanical properties

1 Introduction
Due to grain boundary constraints on dislocation motion, yield
strength of bulk polycrystalline metals increases with decreasing
grain size which can be described by the Hall-Petch formula [1, 2].
But when grain size decreases to the nanoscale, grain boundary
volume fraction of the bulk polycrystalline metal materials will
become quite large, and its deformation mechanism will change
from a single dislocation mechanism to the coexistence of multiple
deformation mechanisms, resulting in a huge difference of the
nanocrystalline metal materials from non-nanocrystalline metal
materials in the mechanical properties [3-6].In addition, the grain
distribution-induced features are different in the interior and
surface of the bulk metal materials, but the difference can be
negligible due to little influence on macroscopic mechanical
properties. However, for nanocrystalline metals with nanoscale
geometric sizes, the surface effect becomes significant, and its
mechanical properties are not only affected by grain size but also
by grain arrangement that is restricted by geometric shape and size,
resulting in different mechanical properties and deformation
mechanisms [7, 8]. As a result, nanoparticles [9, 10], nanowires

[11-17], and nanofilms [18] have significant differences in
mechanical properties due to their different geometric dimensional
constraints, resulting in that mechanical properties of the nanoscale
nanocrystalline metal materials no longer have a unified
description like macroscopic bulk materials.
With the widespread use of nanocrystalline metal nanofilms in

semiconductor integrated circuits [19, 20], flexible wearable
electronic devices [21-25], nanoelectromechanical systems [26],
and so forth, their elastic-plastic and fracture features have become
particularly important, which will largely determine the service life
and vibration resistance of metal nanofilms [27-29]. So, it is very
necessary to accurately obtain the full-spectrum mechanical
properties of nanocrystalline metal nanofilms with statistical
significance. Nanocrystalline metal nanofilms have an ultra-high
surface to volume ratio and grain boundary volume fraction, and
the coupling of multiple deformation mechanisms caused by the
size and arrangement of nanocrystals and the nanoscale
geometrical limitations will make their mechanical properties more
diverse. Compared with metal nanowires that have been
extensively studied [11-17], the deformation and slip of
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nanocrystals in metal nanofilms are more restricted by the presence
of other grains in the in-plane, which makes the deformation and
torsion of the grains more difficult than that in nanowires, thereby
affecting their elastic-plastic features. Due to the limitation of
nanofilm thickness, the size of nanocrystals is often an order of
magnitude with thickness, and the arrangement of nanocrystals in
the thickness direction is more sensitive to the size of the thickness.
It should also be stressed that the preparation method of nanofilms
can greatly affect the nucleation, growth, and distribution of grains
in the thickness direction [30, 31], thus impacting fracture
evolution and ultimate strength of the nanofilms. These factors that
must be considered make the full-spectrum mechanical properties
of nanocrystalline metal nanofilms more complicated and lead to
the obvious dependence of elastic-plastic and fracture response on
the size and arrangement of nanocrystals induced by nanoscale
geometric dimension. In another hand, the fabrication of uniform
suspended nanofilm beams, which can effectively avoid the
influence of underlayer and thus can obtain a more realistic
intrinsic nature, has been a difficult problem, resulting in no way to
realize meaningful test of mechanical properties of metal nanofilms.
Owing to the shortage of considering nanograin arrangement and
difficulty in the fabrication of suspended metal nanofilms, so far,
there are few studies with statistical significance on the
elastic-plastic and fracture mechanics properties of nanocrystalline
metal nanofilms, making evaluation and use of the metal nanofilms
missing scientific foundation.
Here taking nanocrystalline Au nanofilm prepared by the

magnetron sputtering deposition as an example, we successfully
fabricated large quantities of uniform doubly-clamped suspended
nanobeams with different thicknesses and grain sizes using a novel

micro/nano fabrication route. Based on the suspended Au nanofilm

beams with different nanoscale thicknesses (21~110 nm), the
full-spectrum nanomechanical properties of Au nanobeams were
systematically studied, and the elastic and plastic
force-displacement (F-δ) curves with statistical significance, for
the first time, were obtained by nanoindentation method of atomic
force microscope (AFM) with high force-sensing capabilities and
spatial resolution [11-14, 32-34]. Considering the strong geometric
nonlinearity and material nonlinearity exhibited by the suspended
Au nanobeam under large displacement, the nonlinear elastic
continuum theory and finite element method (FEM) were used to
fit the F-δ curves for determining the elastic modulus, prestress,
yield and breaking strengths, and strong-yield ratio. Mechanical
enhancement effects induced by the coupling of nanocrystals with
different sizes, arrangements and thicknesses were analyzed by
examining the morphological characteristics of nanograins, crack
initiation, propagation, and failure process of the Au nanobeams.
Interestingly, the Hall-Petch formula is still valid at the nanoscale
and has a significant enhancement in K value relating to grain
boundary.

2 Experimental
The large-scale arrays of suspended doubly-clamped Au beams
with 5 different thicknesses (21.7 nm, 44.3 nm, 67.0 nm, 89.7 nm,
and 110.4 nm) were designed and fabricated successfully (Figs. 1(a)
and 1(b)) by a series of micro/nano processing procedures (see the
Method section and Fig. S1 in the Electronic Supplementary
Material (ESM)). Here the suspended Au beams for the same
thickness are uniform to ensure test consistence for obtaining data
with statistical significance. The transmission electron microscopy

Figure 1 Doubly-clamped suspended Au nanobeams and nanoindentation measurement based on the QNM of AFM. (a) Schematic diagram of theAu nanobeam array.
(b) The upper panel shows the optical microscopy image of the Au nanobeam array, and the lower panel shows the SEM (scanning electron microscopy) image of a
suspended Au nanobeam. (c) TEM image of the 21.7 nm thick Au beam. (d) The statistical diagram of the grain size distributions of Au nanofilms with different
thicknesses. (e) Schematic diagram of the AFM nanoindentation suspended Au beam. (f) The AFM characterization of the suspended Au beam before nanoindentation.
The crosses on the surface of the suspended Au beam represent the schematic diagram of the elastic nanoindentation loading point array based on the QNM. (g)
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Three-dimensional F/δ distribution diagram of the local suspended region of Au beam based on the QNM.
(TEM) images and X-ray diffraction (XRD) patterns of the
suspended Au beams with different thicknesses are shown in Figs.
1(c) and S2. The grain size distributions were obtained (Fig. 1(d))
through both XRD results calculated by the Scherrer formula [35]
(the Method section) and the statistic measurement of the TEM
result, showing that the average grain size gradually decreases with
a decrease in film thickness. The schematic diagram of the AFM
nanoindentation for the suspended Au nanobeam is shown in Fig.
1(e). The Peak Force Quantitative Nano-Mechanical method
(QNM) of AFM was adopted to perform a mapping indentation
with a constant loading to the suspended area to obtain F-δ curves
at all points and determine the midpoint of the sample. The AFM
morphology characterization of the Au nanobeam (Fig. 1(f))
adopted the tipping mode, where the blue “X” array in the
suspended Au nanobeam represents the nanoindentation points of
the mapping. The F/δ distribution map presents a
three-dimensional saddle shape (Fig. 1(g)). The exact midpoint of
the suspended Au nanobeam is located at the lowest F/δ in length
and the highest position in width, and the corresponding F-δ curve
can be obtained by indentation test of the midpoint using AFM.
More details on AFM probes selection, calibration, and
nanoindentation measurements are presented in the Method
section.

3 Results and discussion
3.1 Elasticity
Elastic modulus can be accurately calculated from the F-δ response
to the elastic deformation of nanoscale nanocrystalline Au beams.

The F-δ curves at the midpoint of four loading cycles were
obtained (Fig. 2(a)) under step-by-step cyclic loading for a 21.7 nm
thick Au beam. The high coincidence of the F-δ curves under
different loads well indicates the stability of the doubly-clamped
Au nanobeam and measurement repeatability. The doubly-clamped
Au nanobeams with different thicknesses were measured to obtain
sufficient F-δ data for valid statistics. A nonlinear elastic
continuum mechanics model [36, 37] based on the variational
method was introduced to consider the initial stress effect and
describe the nonlinear F-δ relationship of doubly-clamped Au
nanobeams under the nanoindentation.

� = 16�� �
�

3
� + �0�� +

8
3
��� �

�

3
(1)

Where F and δ are the applied force and displacement at the
midpoint of the nanobeam, respectively. E is the elastic modulus,
σ0 is the prestress, and w, t, and l refer to the width, thickness, and
length of the nanobeam, respectively. The three terms in Eq. (1)
represent in turn the linear elastic bending contribution, the
prestress contribution, and the tensile contribution caused by the
large deformation. The contributions of these three terms to the
total load vary with indentation displacement and the thickness are
shown in Section S2 and Fig. S3 in the ESM. This theoretical
model takes into account the stiffness enhancement caused by the
prestress and additional tension. The increased stiffness induced by
prestress mainly influences the F-δ response of thinner Au
nanobeams under smaller displacement indentation, while the
increased stiffness induced by tension dominates the F-δ response
under larger

Figure 2 F-δ curves and fitting results of elastic modulus and prestress. (a) The F-δ curves under four step-by-step nanoindentation and curves fitting to Eq. (1) for a
21.7 nm thick Au beam. (b and c) The histogram of elastic modulus and prestress for 21.7 nm thick Au beam, the blue dot-dash lines represent the fitted Gaussian
distribution. (d) The box-plots of elastic modulus for Au nanobeams with different thicknesses. (e) MD model with an average grain size of 15 nm and thickness of 40
nm. (f) the elastic modulus and Poisson's ratio of Au nanofilms with different grain sizes and thicknesses based on MD simulations. Each plot includes the minimum,
lower quintile, median (horizontal line), mean (magenta star), upper quintile, and maximum in (d).
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displacement indentation, and the load-bearing mechanism of the
beam gradually changes from the bending-dominated mode to the
stretching-dominated mode with the increase of indentation
displacement, showing a typical geometric nonlinear elastic effect
under large elastic deformation.
Combined with the geometric dimensions of each Au nanobeam,

the F-δ curves of the Au nanobeams with different thicknesses can
be fitted by the least square method using Eq. (1), and the
corresponding elastic modulus and prestress can be calculated. In
Fig. 2(a), the fitting results of Eq. (1) and the experimental F-δ
curve of a 21.7 nm thick Au beam highly coincided, confirming the
credibility of the theoretical model describing the elastic
deformation behavior of the Au nanobeams under nanoindentation.
The histograms of elastic modulus and prestress for the 21.7 nm
thick Au beam shows good statistical distribution of data, which
are supported by fitted blue dot-dash Gaussian distribution curves
(Figs. 2(b) and 2(c)). The distribution of elastic modulus
concentrates upon about 78 GPa, and the distribution of the
prestress mainly concentrates upon the range of 20~40 MPa. And
F-δ curves of other thicknesses Au nanobeams were also fitted for
obtaining the statistical results of elastic modulus and prestress
(Section S3 and Fig. S4). The elastic modulus of the Au
nanobeams with 5 different thicknesses (Fig. 2(d)) is near 78 GPa
very close to bulk Au, indicating that elastic modulus is not
noticeably affected by the geometric dimensions and grain size.
This result is also confirmed by using molecular dynamics (MD)
simulation (Figs. 2(e) and 2(f); Section S4 in the ESM). While the

distribution of prestress is slightly scattered (Figs S4(e)-S4(h) in
the ESM) due to being randomly introduced during the processing
and transferring of the Au nanobeams. The rationality of such
prestress distribution can be proven based on the buckling theory
of beams (Section S5 and Fig. S5 in the ESM).

3.2 Yield and breaking
Fracture failure experiments of the Au nanobeams were
implemented (the Method section) by using a 21.7 nm thick Au
beam, the parabolic F-δ curve (Fig. 3(a)) exhibits a strong
nonlinear effect under large displacement indentation, indicating an
enhancement of Au nanobeam in stiffness with an increase in
indentation displacement. It should be noted that force can
suddenly drop to zero when the Au nanobeam is completely broken.
Furthermore, all F-δ curves of fracture failure for Au nanobeams
with different thicknesses are akin, as shown in Fig. 3(a). For all
F-δ curves, breaking loads as a function of the thickness are
presented in Fig. 3(b), showing an approximately linear increase
with an increase in nanoscale thickness. Meanwhile, AFM images
reveal that the Au nanofilm has undergone a significant plastic
deformation before it is completely broken (Fig. S6 in the ESM),
which is very easy to ignore, but also more important. In the plastic
deformation stage, doubly-clamped Au nanofilms exhibit strong
material nonlinearity, geometric nonlinearity, and contact
nonlinearity. Especially, considering the influences of the prestress,
the geometric sizes, and the large stress gradient at the
nanoindentation position, it

Figure 3 The F-δ curves of fracture failure and FEM results of a 21.7 nm thick Au beam under nanoindentation. (a) The experimental F-δ curve and fitting using

FEM. (b) Breaking load as a function of the thickness. (c) Finite element model and meshing. (d) Equivalent stress distributions in both the upper and lower surfaces

of the Au beam at (i) yield point and (ii) break point. (e and f) Equivalent stress distributions along (e) the green dash line (X-axis direction) and (f) the blue dash line



Nano Res.

www.theNanoResearch.com∣www.Springer.com/journal/12274 |Nano Research

5

(Y-axis direction) of the beam shown in (c) when it begins to yield or fracture. Each plot includes the minimum, lower quintile, median (horizontal line), mean (red

star), upper quintile, and maximum in (b).

is very difficult to establish an elastic-plastic theoretical model
describing the relationship between the force and displacement for
an analytical solution. Therefore, numerical simulation using FEM
with great advantages becomes an alternative means to solve the
problem [38-40].
Taking the fracture experiment of a 21.7nm-thick Au beam (Fig.

3(a)) as an example, the corresponding three-dimensional finite
element model (Fig. 3(c)) is established (Section S6 and Fig. S7 in
the ESM). To calculate the yield strength of nanoscale
nanocrystalline Au beams, an inverse approach was used. Different
yield strength values were set in the FEM, and the F-δ curves
corresponding to each yield strength obtained from FEM were
compared with the experimentally measured curve to match the
actual yield strength of the experimental sample. The experimental
F-δ curve of fracture failure and the fitted curves by FEM analyses
based on the linear elastic constitutive model (elastic model) and
the bilinear isotropic hardening elastoplastic constitutive model
(plastic model) with a yield strength of 1.4 GPa are shown in Fig.
3(a). When the indentation loading in the elastic deformation stage
is below the yield point of the Au nanofilm, the FEM results
obtained from the elastic and plastic models can well fit our
experimental results, further identifying the correctness of FEM
analyses. When the applied load reaches the yield point (1.4 GPa),
plastic deformation starts to occur at the nanoindentation position.
The F-δ curve obtained from FEM based on the elastic model
gradually deviates from the experimental curve, and the F-δ curve
obtained from FEM based on the plastic model still maintains a
high fitting degree with the experimental curve until the Au
nanobeam fractures, showing that the plastic model can accurately
describe the elastic-plastic deformation of the Au nanobeam under
plastic limit nanoindentation. A longer range of elastoplastic
transition and plastic deformation stages resulting from complex
microstructure and various deformation mechanisms exhibits a
very large load carrying capacity for nanocrystalline Au nanofilms.
The equivalent stress distributions obtained by FEM in both the
upper and lower surfaces of the 21.7 nm-thick Au nanobeam at the
yield and break points under nanoindentation are shown in Fig.
3(d). When yield occurs, the stress obviously concentrates upon the
upper and lower surfaces at the probe tip contact area of the Au
nanobeam. When the plastic limit failure occurs, the maximum
equivalent stress occurs at the middle region of the lower surface.
At the yield point and break point, the equivalent stress
distributions in both the upper and lower surfaces along the X-axis
and Y-axis corresponding to green and blue dash lines shown in
Fig. 3(c) have an obvious difference, as illustrated in Figs. 3(e) and
3(f) respectively, showing a dependence on nanobeam shape.
Further research indicates that all F-δ curves of fracture failure

can well be fitted by the FEM results obtained from the plastic
model to determine the yield strength (Fig. 4(a)). With an increase
in Au nanobeam thickness from 21.7 nm to 110.4 nm, the average
yield strength decreases gradually from 1.13 GPa to 0.74 GPa,
indicating a very strong thickness dependence and nonlinear
enhancement compared to submicron-thick (0.3-1μm)
polycrystalline Au films (55-200 MPa) [41]. Based on the fitted
F-δ curves and the breaking loads, the breaking strength of the Au
nanobeams can be obtained from the FEM results. With an

increase in nanocrystalline Au-film thickness, the breaking strength
first increases and then stabilizes at

Figure 4 Statistical results of the yield strength and breaking strength as a
function of Au beam thickness. (a) The box-plots of yield strength and ��1Ջ坐 .
(b) The box-plots of breaking strength and strong-yield ratio. Each plot includes
the minimum, lower quintile, median (horizontal line), mean (red star), upper
quintile, and maximum.

about 3 GPa (Fig. 4(b)). Thinner Au nanobeams composed of
smaller nanograins have a relatively higher yield strength and
lower breaking strength. The decreasing nanograin size with
thickness tends to restrict deformation within grains, increasing
yield strength and reducing its contribution to effective plastic
deformation. Thus, defects like holes are easily generated under
nanoindentation, eventually inducing a decrease in breaking
strength. In order to evaluate the comprehensive mechanical
properties required by nanocrystalline Au nanofilms in various
application scenarios, one concept of strong-yield ratio (measured
breaking strength divided by measured yield strength) is introduced
(Fig. 4(b)). As the thickness increases, the strong-yield ratio
increases from 2 to 4, i.e., the larger the thickness, the better the
vibration resistance and strength reserve.
The initial plastic deformation resistance of polycrystals is

largely affected by grain boundaries, which are directly related to
grain size. The relationship between the yield strength �� and the
grain size d of submicron and above for polycrystalline bulk
metallic materials can be expressed by the well-known Hall-Petch
formula [1, 2]:
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�� = �0 +���1Ջ坐 (2)
Where �0 reflects the resistance to deformation within the crystal,
which is equivalent to the yield strength of a very large single
crystal. K is usually a constant for a polycrystalline material at
r o o m
temperature, considered as an influence coefficient relating to grain
boundary structure. However, due to the influence of many factors,
there are still many difficulties and controversies in experimental
verification and physical mechanism for the applicability of the
Hall-Petch formula to nanocrystalline metal nanofilms with a very
large surface to volume ratio [42]. By an approximate linear fitting
(the red-dotted rectangle in Fig. 4(a)) for nanocrystalline Au
nanobeams through TEM characterization, the Hall-Petch formula
is proven to be still valid in the nanoscale. However, in this case,
the calculated K is around 4.8 GPa∙nm1/2 ( �0 = 0.15 GPa),
showing an abnormal increase compared to 2.5 GPa∙nm1/2 of the
bulk nanocrystalline Au [43], which might mainly originate from
the strengthening brought by nanoscale geometric dimensions. In
addition, extensive MD simulations reveal that until the grain size
down to a region of 30~10 nm, an inverse Hall-Petch effect will
occur and reduce the yield strength [44, 45]. The change is due to
the transition of deformation mechanism from
dislocation-dominated strain hardening to grain rotation and
slippage-dominated softening. Experimentally, there are still some

controversies about the critical grain size of a polycrystalline
metallic material that causes a shift in performance. Our results
indicate that Au nanofilms in such a nanograin size range do not
exhibit an inverse Hall-Petch effect. Meanwhile, MD simulation
results of the Au nanobeam with an average grain size of 10 nm
under nanoindentation exhibit multiple deformation mechanisms
involving dislocation nucleation from grain boundary, dislocation
motion and pile-up, grain boundary migration, and grain rotation
(Section S7 and Fig. S8 in the ESM). These mechanisms either
cooperate or compete with one another, leading to complicated
mechanical properties which decide tolerable levels of stress and
stability of microstructure.

3.3 Fracture evolution
Owing to the importance of nanocrystalline-induced fracture
evolution and failure mechanism of Au nanofilms under plastic
limit nanoindentation, they need to be deeply analyzed. As shown
in Fig. 5(a), an obvious plastic deformation occurs at the middle
area of Au nanobeam for a large nanoindentation displacement,
and the inset of Fig. 5(a) suggests that the initial crack is
introduced by the probe tip at the indentation position of the beam.
Generally, the crack originates from the position applied the largest
stress, and first occurs on the lower surface of the nanobeam (Fig.
3(d)). Under the
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Figure 5 Fracture failure of doubly clamped Au nanobeams under nanoindentation. (a) SEM image of the initial crack for a 21.7 nm thick Au beam. (b) TEM image
of crack propagation for a 21.7 nm thick Au beam. (c) SEM image of a completely fractured 21.7 nm thick Au beam. (d-h) SEM images of fractographic features for
Au beams with different thicknesses. (d) 21.7 nm, (e) 44.3 nm, (f) 67.0 nm, (g) 89.7 nm, and (h) 110.4 nm.
nanoindentation, the initial crack will extend upward
perpendicularly to the upper surface of the nanobeam and
eventually form a penetrating crack (Fig. 5(a)). With a further
increase in load, the penetrating crack begins to propagate until
complete failure. The TEM image shows the crack propagation in
the 21.7 nm thick Au film (Fig. 5(b)), and the nanograins on both
sides of the crack show obvious complementation and
cross-occlusion features. Crack arresting phenomenon is also
observed from the crack tip where exists pronounced crack-tip
blunting. Some other types of crack arresting are also observed as
shown in Fig. S9 in the ESM. SEM image of a complete failure Au
nanobeam shows the crack (Fig. 5(c)), and its enlarged SEM image
(Fig. 5(d)) shows more details including flat fracture surfaces,
complementary sides of the crack, no plastic deformation, and so
on, which are very similar to brittle failure. The fracture failure of
the 44.3 nm Au beam also presents similar fracture characteristics
(Fig. 5(e)). On the contrary, the fracture surfaces of the Au beams
with 67.0 nm and larger thicknesses show significant plastic
deformation (Figs. 5(f)-5(h)), indicating ductile failure
characteristics and higher breaking strength.
For thinner Au nanofilms such as 21.7 nm, the average grain

size is close to its thickness, indicating a single-layer grain
distribution and low stacking possibility due to dimension
limitation in the thickness direction. In this case, the initial crack is
more easily to be expanded until complete failure, and the breaking
strength is relatively small. For thicker Au nanofilms, grains
usually have a multilayer distribution, this can be seen from an
obvious lamellar stacking features on the fracture surfaces of the
110.4 nm Au beam (Fig. 5(h)), crackextension will become
relatively difficult due to the overlapped grains with random
orientation, resulting in a greater breaking strength.

4 Conclusions
In summary, full-spectrum mechanical features of nanocrystalline
Au nanofilm with statistical significance, for the first time, have
been systematically studied by nanoindentation experiments based
on AFM, theoretical analysis, and numerical simulations. The yield
and breaking strengths demonstrate strong nonlinear effects
different from bulk Au, which might be induced by the coupling
effects from nanocrystal size and arrangement limited by nanoscale
dimension. As a result, the yield and breaking strengths have a
huge increase by nearly an order of magnitude compared to bulk
Au and the strong-yield ratio can reach 4, indicating extremely
high strength reserve and vibration resistance. But the elastic
modulus of the Au nanofilms is approximately the same as that of
bulk Au and is almost independent of the thickness and grain size.
Interestingly, the Hall-Petch formula can be still valid, but the K
nearly raises to twice due to nanoscale effects with respective to
bulk nanocrystalline Au. With a decrease in Au nanofilm thickness,
the strong-yield ratio gradually decreases, showing a transition
from ductile failure to brittle failure. Our results can serve as a
benchmark for applications of the Au nanofilms in science research,
metering detection, and industry production, and open an effective
route for investigating mechanical features of various nanofilms.

5 Method
5.1 Sample preparation
The Au nanofilm beams with 10 μm in length and 2 μm in width
were designed and deposited by a magnetron sputtering system
(Kurt J. Lesker, PVD 75), and the thickness was controlled by the
sputtering time. Restrained by the film formation mechanism of the
Physical Vapor Deposition (PVD) method, the minimum film
thickness was designed to be about 20 nm to ensure the continuity
and flatness of the film samples, and five different thicknesses 21.7
nm, 44.3 nm, 67.0 nm, 89.7 nm, and 110.4 nm (measured by AFM)
were prepared. To ensure the doubly-fixed conditions for the two
end parts of the beams, the UV photoresist curing method was first
developed, so that the unsuspended Au films were strongly
attached to the silicon wafer, and the detailed fabrication
procedures can be found in the ESM.

5.2 Crystal structure characterizations and calculation of grain
size
High-resolution transmission electron microscopy (TEM, FEI,
Tecnai G2 F20 U-TWIN) and X-ray diffraction pattern (XRD,
Bruker, D8 focus) were utilized to characterize the microstructure
of the prepared Au nanobeams. Figures S2(a)-S2(c) show TEM
images of Au nanofilms with three thicknesses, which clearly
reveal the clustering of individual nanograins. Since it is difficult
for transmission electrons of TEM to pass through the Au film with
a thickness of 110.4 nm, distinguishing crystal structures in its
imaging is almost impossible so it is not shown. Although the grain
size distributions of the Au nanofilms with four thicknesses are not
uniform, it can be seen that the lateral grain size increases
monotonically with the increasing film thickness in plan-view
images. Through TEM characterization, the distribution range of
in-plane grain sizes in the four-thickness Au nanofilms can be
roughly estimated, and the average in-plane grain sizes are
calculated, as shown in Fig. 1(d).
The XRD results for Au nanofilms with different thicknesses are

shown in Fig. S2(d). where two diffraction peaks of (111) and (222)
planes are obtained for all Au nanofilms. The peak intensity
increases significantly as the thickness of the Au nanofilm
increases. The Scherrer formula is a well-known formula that
derives the grain size from the XRD results. When the grain size is
smaller than 100 nm, the stress-induced broadening is neglected to
grain size-induced broadening, which fulfills the precondition of
the Scherrer formula. The average grain size d perpendicular to the
Au (111) crystal plane can be expressed as follows.

� = ��
�cos �

(3)

Where γ=1.5405 Å is the X-ray wavelength, α is the Scherrer
constant taken as 0.89, B is the half-height width of the diffraction
peak and θ is the Bragg diffraction angle of the characteristic peak.
As shown in Fig. 1(d), with the increase of the Au nanofilm
thickness, the calculated d value increases gradually and is
basically within the range of the statistical in-plane grain size. d is
relatively lower than the statistical in-plane average grain size
because some very small twin boundaries and subgrains are also
counted in the calculation.
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5.3 AFM probes selection and calibration
To cover the full deformation range of elasticity, plasticity, and
failure of Au nanobeams, two probes with different spring
constants were selected to fulfill the requirements for load
resolution and magnitude at different deformation stages. The
indentation force � = o�� , where o is the spring constant of the
probe rectangular cantilever and �� is the bending deflection of
the probe. �� = 䁛��, where �� is the deflection voltage and 䁛 is
the deflection sensitivity pre-obtained by the nanoindentation tests
on a sapphire substrate. Indentation displacement � is defined as
the deflection of the beam at the indentation location and can be
expressed as �� � �� . Under elastic indentation with small
deflection, the probe with a standard spring constant k = 4 N/m was
selected for higher accuracy, while under plastic and failure
indentation with large deflection, the probe with a standard spring
constant k = 200 N/m was selected for higher maximum force. The
Sader method, which uses the cantilever dimensions, resonant
frequency, and Q-factor [32,34,46] was employed to further
calibrate and determine the true spring constant of both probes
used. To avoid excessive stress concentration at the indentation
position, the diamond-doped probe tip with a diameter of 300 nm
was selected and the SEM images of its tip are shown in Fig. S10.

5.4 Nanoindentation measurements
Prior to nanoindentation tests, optical microscope (Olympus
OLS4000), SEM (JC-Zeiss, Merlin), and AFM (Bruker,
Multimode -8 HR) were used to select the sample without defects
and buckling to maintain the accuracy of the nanoindentation, and
accurately measure the geometric dimensions of the samples to
ensure the accuracy of theoretical calculation. The AFM was used
to conduct elastic and plastic nanoindentation tests on Au
nanobeams in the air at room temperature. In the elastic stage, the
PeakForce Quantitative Nano-Mechanical method (QNM) was
adopted where the average tensile strain of the Au nanobeam under
nanoindentation was controlled within 0.2%, i.e. the maximum
indentation displacement was controlled at about 320 nm. F-δ
curves of each Au nanobeam under multiple load cycles were
obtained by AFM with gradually increasing loads for each cycle.
Plastic nanoindentation experiments were carried out for each
thickness of Au nanobeams by means of step-by-step cyclic
loading, until the nanobeams were broken, and the breaking loads
were recorded. Then 1.5 times the breaking load was used to carry
out one-time indentation loading on the Au nanobeam of the same
thickness. The Au nanobeam will break, so that the F-δ curve of
fracture failure could be obtained. The velocities of the indentation
displacements for both experiments were always controlled within
0.3 μm/s, to guarantee the quasi-static loading for each
nanoindentation test.

5.5 MD simulation
MD simulations were performed via the large-scale
atomic/molecular massively parallel simulator (LAMMPS) code
[47] to calculate the elastic modulus and Poisson’s ratio of four
nanoscale thickness nanocrystalline Au films with five different
average grain sizes, and analyze the defect evolution of
nanocrystalline Au nanobeams under nanoindentation. Simulation
results were visualized and analyzed by the software OVITO [48].
The details of each MD simulation are provided in the Section S4
and S7 in the ESM.

5.6 FEM simulation
The commercial FEM software ANSYS was used to establish a
corresponding three-dimensional finite element model according to
the geometric dimensions of the Au nanobeam and the spherical
probe tip (300 nm diameter). Due to the obvious strain hardening,
the bilinear isotropic hardening elastoplastic constitutive model
was used to describe the elastic-plastic deformation behavior of the
Au nanobeam. This model is described by a bilinear stress-strain
curve. The initial slope of the curve is the elastic modulus E.
Beyond the specified initial yield stress �� , plastic strain develops
and the stress-total strain curve continues along a line with slope
defined by the specified tangent modulus ET. The specific finite
element modeling, constitutive models, and nanoindentation
settings can be seen in the Section S6 in the ESM.
At the same time, to ensure the accuracy of the FEM, mesh

independence verification was carried out, as shown in Fig. S7, and
the F-δ curves calculated from the higher density meshes were all
accorded to the original curve obtained from the initial density
mesh.

5.7 Error analysis
In experiments, the measured tip diameter and the calculated
prestress may differ slightly from the true-value, thus the F-δ
curves under different tip diameters and prestresses were calculated
respectively based on FEM to determine the error. Figure S11(a)
shows the effects of the tip diameter on the F-δ curves of the Au
nanobeam under indentation where the tip diameters are 200, 300,
and 400 nm, respectively. When the indentation displacement is
less than 600 nm, the obtained F-δ curves are completely
coincident, while the displacement exceeds 700 nm, the F-δ curves
show slight differences, which originate from the contact
nonlinearity between the tip and Au nanobeam. The prestress
influences the F-δ responses of the nanobeams in the elastic and
plastic stages differently. The FEM based on the plastic model was
adopted to compute the F-δ curves of the 21.7 nm thick Au
nanobeams under different initial prestresses, as shown in Fig.
S11(b) which indicates that Au nanobeam under higher prestress
requires greater force for the same displacement. Prestress has a
greater influence on the total load when the indentation
displacement is small, which is consistent with the conclusion
obtained from theoretical analysis based on Eq. (1). When the
indentation displacement is greater than 300 nm, the proportions of
the forces caused by different prestresses to the total load are much
lower. The influences of the prestress and tip diameter on F-δ
curves are relatively small in the plastic deformation stage under
large displacement nanoindentation. So, the error introduced by the
theoretically calculated prestress and the measured tip diameter can
be ignored.
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S1 Preparation of suspended Au nanofilm beams

In this study, a large-scale array of double-clamped suspended Au nanobeams was designed and fabricated. The fabrication procedure of
the large-scale doubly clamped Au nanobeam array is shown in Fig. S1. Firstly, based on the micro-nano processing method, Au nanofilms
with nanocrystalline were prepared on the cleaned glass substrate surface through a series of processes such as photolithography, deposition,
and degumming. A magnetron sputtering instrument (Kurt J. Lesker, PVD 75) was used to deposit Au nanofilms with different thicknesses,
and the thickness was controlled by the sputtering time. The Au target with a purity of 99.999% was selected as the target material.
Restrained by the film formation mechanism of the Physical Vapor Deposition (PVD) method, the minimum film thickness was designed to
be about 20 nm to ensure the continuity and flatness of the film samples, and five different thicknesses 21.7 nm, 44.3 nm, 67.0 nm, 89.7 nm,
and 110.4 nm (measured by AFM) were prepared. The trenches with a width of about 10 um and a depth of about 3 μm were prepared on
the surface of the cleaned silicon wafer through the processes of photolithography, etching, and degumming. Then, ultraviolet (UV) curable
adhesive (Norland Optical Adhesive NOA 61) was uniformly spin-coated on the surface of the silicon wafer with trenches. Due to the
surface tension of the UV curable adhesion, it was not easy to flow into the trench and was mainly coated on the silicon wafer surface. By
using a high-precision alignment transfer system (Film Aligner and Transfer System, Shanghai Onway Technology Co., Ltd), the glass
substrate processed with the Au nanobeam array was aligned and attached to the silicon wafer surface with adhesion. The UV curable
adhesion was exposed to the UV light (365 nm, 200 W) for 30 minutes until fully cured to obtain strong adhesion and corrosion resistance.
In this way, all the Au nanofilms except the suspended Au beams on the upper of the trenches were strongly bonded to the silicon wafer
surface. Subsequently, the glass substrate was removed by wet etching with 4% hydrofluoric acid for 20 minutes, and a large-scale array of
suspended Au nanobeams clamped at both ends was obtained. Finally, after 1 week of aging, chemical bonds were formed between the Au
nanofilms, the cured adhesive, and the silicon wafer, so that the best bonding quality between the Au nanofilm and silicon wafer was
achieved. The prepared Au nanobeams with about 10 μm in length and 2 μm in width show high stability under large displacement
nanoindentation based on the atomic force microscope (AFM, Bruker, Multimode -8 HR), which can be used for convenient and accurate
nanoindentation experiments.

Figure S1 The fabrication procedure of doubly clamped gold (Au) nanobeams with nanocrystalline.



Nano Res.

Figure S2 TEM bright-field images and the constituency electron diffraction patterns of Au nanofilms with different thicknesses. (a) 44.3
nm, (b) 67.0 nm, and (c) 89.7nm. (d) XRD of Au nanofilms with different thicknesses.





S2 A detailed description of the non-linear elastic continuum mechanics model

Although the deformation of Au nanobeam under nanoindentation was always controlled in the elastic stage, the deflection in the midpoint
of the Au nanobeam was much larger than its thickness. The large deflection increased the rigidity of doubly-clamped nanobeams, which
made the F-δ response exhibit geometric nonlinearity (Fig. 2(a)). A nonlinear elastic continuum mechanics model (S1)1,2 derived based on
the variational method, considering geometric nonlinearity and initial stress (i.e. prestress), is introduced to describe the force-displacement
relationship of the Au nanobeams.

� 诸 ��蠸ץ � ���蠸 � ��蠸ץ 诸 ͳ�� �
�
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� � ���� �

�
�
�� �
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(S1)

Where ��蠸ץ represents the contribution of linear elastic bending to the total load, ���蠸 represents the contribution of the prestress to the
total load, and ��蠸ץ represents the contribution of the additional axial tension induced by the large deformation to the total load. This
theoretical model shows that the contributions of these three terms to the total load vary with indentation displacement and the thickness of
the Au nanobeam. Differentiating from the traditional bending theory which does not consider prestress and large deformation, this model
takes into account the stiffness enhancement caused by the prestress and additional tension which greatly improves the load bearing
capacity before plastic deformation and failure of the Au nanobeam. Figure S3 shows the contributions of these three terms to the total load
with the increasing indentation displacement of Au nanobeams with different thicknesses. The contribution of prestress to the total load is
obvious at small displacement and gradually decreases with the increase of thickness, while the contribution of linear elastic bending is just
the opposite. When the thickness reaches 110.4 nm (Fig. S3), the linear elastic bending dominates the total load at a small displacement.
The indentation load is mainly borne by the flexural rigidity and prestress of the beam when the indentation displacement is small. When
the indentation displacement increases, the contributions of prestress and linear elastic bending to the total load decrease monotonously,
while the contribution of the additional axial tension to the total load increases monotonously which exceeds the former two for all Au
beams. The load-bearing mechanism of the beam gradually changes from the bending-dominated mode to the tensile-dominant mode with
the increase of the indentation displacement, showing a typical geometric nonlinear elastic effect under large elastic deformation.

Figure S3 The contributions proportion of linear elastic bending, prestress, and tension to the total load with the increase of indentation
displacement. (a) 21.7 nm, (b) 44.3 nm, (c) 67.0 nm, (d) 89.7 nm, and (e) 110.4 nm.
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S3 Statistical results for elastic modulus and prestress

The elastic modulus and prestress of the 44.3 nm, 67.0 nm, 89.7 nm, and 110.4 nm thick Au beams are shown in Fig. S4. The statistical
results of the elastic modulus show the well-fitted Gaussian distributions for the Au nanobeams with different thicknesses, and the average
values of the elastic moduli of different thick nanobeams are basically consistent within 75-80 GPa. This indicates that the elastic modulus
of the Au nanobeams does not change with the thickness. The distribution of prestress is slightly scattered which is mainly because the
prestress is randomly introduced during the processing and transferring of the Au nanobeams. Meanwhile, the statistical results of the
prestress also show the fitted Gaussian distributions for nanobeams with different thicknesses, which is mainly because the Au nanobeams
with the same thickness are processed and transferred at one time. The stress states in the doubly clamped Au nanobeams can be divided
into three types: tensile stress state, compressive stress state, and stress-free state. The stress-free state is where the prestress of the
nanobeam is 0, which is an ideal state, and only a few beams are in the stress-free state. The tensile stress state means the prestress is
positive and the nanobeam is in the pretension state, which enhances the flexural rigidity. The compressive stress state is that the prestress
is negative, and the nanobeam is in the axial compression state. When the compressive prestress is small, the Au nanobeam can maintain
the original geometry. However, when the compressive prestress is large and exceeds the critical buckling stress of the suspended Au
nanobeam, buckling instability will occur, resulting in upward or downward bending. Each Au nanobeam has been characterized and
screened to ensure that the nanobeam is not buckled before the indentation test, thus the compressive prestress for calculation will not
exceed its critical buckling stress. The rationality of the prestress results from the theoretical model and experiments can be verified in Note
S4.

Figure S4 Statistical results of elastic modulus and prestress. (a-d) The histograms of elastic modulus for (a) 44.3 nm, (b) 67.0 nm, (c) 89.7
nm, and (d) 110.4 nm thick Au beam. (e-h) The histograms of prestress for (e) 44.3 nm, (f) 67.0 nm, (g) 89.7 nm, and (h) 110.4 nm thick
Au beam. The blue dot-dash lines indicate the fitted Gaussian distributions.
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S4 Molecular dynamic (MD) simulation for computing the elastic constants

Unlike anisotropic single crystal, the polycrystalline is generally isotropic due to the arbitrary orientation of grains and the elastic constants
in each direction are similar. To accurately calculate the elastic modulus and Poisson's ratio of Au films with different nanoscale
thicknesses and nanograin sizes, MD simulation was used to first compute the elastic constant tensor.
The MD simulations were performed using the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code.3 Since

only the thickness (z) dimension of the Au nanobeams measured experimentally is in the nanoscale, and the length (x direction) and width
(y direction) are in the microscale, a microelement of the Au nanobeam is taken as the research object. Considering the surface effects,
periodic boundary conditions were imposed in the x and y directions, and free boundary conditions were applied in the z direction. The
length and width of the microelement are 40 nm, and the thicknesses of the microelement in the z direction were set to 20 nm, 40 nm, 60
nm, and 80 nm, respectively. Microelement models with mean grain sizes of 7 nm, 11 nm, 15 nm, 19 nm, and 23 nm for each thickness,
respectively, were constructed by using the Atomsk program based on the Voronoi tessellation method.4 The lattice orientation and position
of grains were randomly selected and the MD models and results were visualized and analyzed by software OVITO.5 Figure 2(e) shows the
MD model with an average grain size of 15 nm and a thickness of 40 nm whose corresponding atomic structure images were rendered by
common neighbor analysis (CAN).6 Blue atoms represent the face-centered cubic (FCC) structure, and the rest of the atoms represent the
grain boundary. The embedded atom method (EAM) potential developed by Foiles et al.7 was utilized to determine the interatomic potential
of the Au-Au where the total energy E for a system includes the pairwise potential and the many-body embedding energy, and can be
written as:

�蘈� 诸 ��� ��� �� ����� � ͳ
� �晦� ��� ��� ���� (S2)

where �� is the embedding energy of atom i, �� is the spherically averaged atomic electron density, ��� is the pairwise interaction
function between atoms i and j, and ��� is the distance between atoms i and j. The NVE ensemble was adopted to keep the number of
atoms, the volume, and the energy of the models unchanged, and all atoms were kept at 300 K with the Langevin thermostat as thermostat
atoms during deformation. 0.1% tension, compression, or shear strain was applied to the model box in the x, y, z, xy, xz, or yz directions to
calculate the elasticity constants. To ensure the correctness of the elastic constants, whether the MD sampling of stress components is
generating accurate statistical averages must be verified. The average elastic modulus E and Poisson’s ratio v can be computed
approximately with the Voigt-Reuss-Hill averaging rule8 for Au. According to the symmetry of the FCC structure, Au has 3 independent
elasticity coefficients (�ͳͳ晦 �ͳ�晦 �44).
The Voigt-averaging rule:9
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The Reuss-averaging rule:10
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Voigt-Reuss-Hill averaging rule:8
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Poisson ratio � 诸 �������
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Based on MD and the Voigt-Reuss-Hill averaging rule, the elastic modulus and Poisson's ratio of Au nanofilms with different grain sizes
and thicknesses can be obtained, as shown in Fig. 2(f). The results show that the elastic modulus and Poisson's ratio are basically steady as
the thickness increases for Au nanofilms. In addition, with the increase of the nanograin size, the elastic modulus initially increases slightly
and then tends to be stable, which is basically in the range of 75-80 GPa. The Poisson's ratio is always stable at about 0.42.
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S5 Rationality verification of prestress based on the buckling theory

According to the buckling theory of beams, the critical buckling load and critical buckling stress of the doubly clamped Au nanobeam can
be estimated approximately by using the Euler formula, so that the rationality of the prestress results from the theoretical model and
experiments can be verified. The critical compressive buckling stress is given by the following formula

��� 诸
���
�� ��

(S11)

When both ends of the beam are clamped, μ is taken as 0.5, � is the section moment of inertia, � is the cross-sectional area, and l is the
length of the Au nanobeam. When the cross-section is a rectangle, � 诸 ����ͳ� and � 诸 ��, where b and t are the width and thickness of the
nanobeam cross-section, respectively. In order to simplify the computational process, the length and width of the Au nanobeam here are
uniformly taken as the design dimensions of the Au nanobeams. The relationship between the critical buckling stress and the thickness of
the Au nanobeams is shown in Fig. S5. The prestress values of all the 21.7 nm and 44.3 nm thick Au beams are greater than 0, indicating a
pretension stress state. The prestresses of some 67.0 and 89.7 nm thick Au beams are less than 0, but none reaches the corresponding
critical buckling stress. Therefore, the calculated prestress satisfies the stress state of the Au nanobeams screened according to the condition
of no buckling. However, the prestress values of a few 110.4 nm thick Au nanobeams exceed the corresponding critical buckling stress, but
the excess part is within a reasonable error range due to the influence of errors in the theoretical model, geometric dimensions, and
experimental measurements. The prestress values of nanocrystalline Au beams calculated based on the theoretical model and experimental
measurements are credible from the perspective of critical buckling stress.

Figure S5 The critical buckling stress vs. the thicknesses of Au nanobeams.
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Figure S6 Plastic deformation of 44.3 nm thick Au beam under indentation. (a and b) The AFM images of the Au nanobeam (a) before and
(b) after indentation. (c) The F-δ curve during loading and unloading.
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S6 Finite element simulation (FEM) for nanoindentation

Numerical simulations based on FEM were conducted using the commercial finite element software ANSYS. Using SOLID186 elements
(3-D 20-Node homogeneous Structural Solid), the three-dimensional Au nanobeam models were established according to the real geometric
dimensions. A rigid hemispherical diamond tip model with 300 nm diameter was established above the middle of the nanobeam using
SOLID187 elements (3-D 10-Node tetrahedral Structural Solid). Due to the obvious strain hardening, the bilinear isotropic hardening
elastoplastic constitutive model (plastic model) was employed to describe the stress-strain (� - � ) relationship of Au nanobeams under
elastic-plastic nanoindentation. This model mainly includes five mechanical parameters, namely the elastic modulus E, Poisson’s ratio v,
the yield strength ��, the yield strain ��晦 and the tangent modulus ET, and the simplified model form is as follows.

� 诸
� � � ��

�� � ��� � ��� � � ��
(S12)

For further confirmation, an ideal linear elastic constitutive model (elastic model) was employed. The elastic model mainly includes the
elastic modulus E and Poisson’s ratio v. According to the experimental results, the E of models was set as 78 GPa. The v was adopted as
0.42 calculated by MD simulations in the previous section and the ET was generally taken as E/20-E/10 GPa. To ensure the FEM results
match the experimental F-δ curves, the ET was taken as 5 GPa. Before indentation, the average prestress calculated theoretically was
introduced by pre-stretching the Au nanobeam. As the nanobeams were clamped at both ends, all the nodes on the two edges of the
nanobeams were fixed in all FEM simulations. Meanwhile, the x and y displacements of the indenter tip were restrained, the contact
condition between the tip and beam was defined as frictionless and finite slip was allowed. An indentation displacement of 1000 nm in the z
direction was applied on the indenter tip for the incremental loading with 300 substeps. For the applied z-displacements on the indenter tip,
the corresponding forces can be obtained. According to the strength theory, the maximum distortion energy density theory was used to
evaluate the yield and breaking strength of the Au nanobeam. The equivalent stress (Von Mises stress, ��) can be expressed as follows.
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Figure S7 The F-δ curves obtained from the Au nanobeam finite element model with different mesh densities.
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S7 MD simulation for nanoindentation

MD simulation using the software LAMMPS was adopted to further understand the deformation process of the Au nanobeam with
nanocrystalline under nanoindentation. A nanocrystalline Au nanobeam with a size of 100 × 20 × 2 nm3 containing 235580 atoms was
constructed using the Atomsk program, in which the average two-dimensional grain size is about 10 nm. The EAM potential developed by
Foiles et al.7 was used to describe the interactions between Au atoms. A spherical tip with the diamond cubic lattice structure and a 3 nm
diameter was placed above the middle of the Au nanobeam. The Tersoff potential11 was used to describe the interactions between carbon
atoms in the diamond tip. The interaction between the Au atoms and the carbon atoms can be described by the pairwise Morse potential:

� 诸 o exp � �� ��� � �� � �exp � � ��� � �� (S14)

Where D is the cohesion energy, � is a constant parameter fitted to the bulk modulus of the material, ��� is the separation distance between
atoms i and j, and �� is the distance at equilibrium. The morse potential parameters were selected from the reference.12 The non-periodic
boundary conditions were adopted in all directions. Before indentation, energy minimization was first performed to optimize atomic
configuration using the conjugate gradient algorithm. Atoms at both ends of the suspended nanobeam were frozen by setting the velocities
and forces as constant zero, which served as boundary atoms. The rest of the Au atoms were relaxed using the canonical (NVT) ensemble
(constant number of atoms, volume, and temperature) to reach a thermal equilibrium state for 30 picoseconds (ps). To exclude the effects of
random vibration of atoms and more clearly observe defect evolution, MD simulation was carried out at 100 K which was maintained by
the Nosé-Hoover thermostat.13,14 Time step was set as 1 femtosecond where the NVT ensemble was used to perform time integration on the
Nosé-Hoover style non-Hamiltonian equations of motion, and the position and velocity of Au atoms were updated each timestep. During
the indentation, the spherical diamond tip moved downwards along the Z direction at a constant speed of 0.1 Å/ps with 2000 ps indentation
time, so the corresponding maximum indentation displacement was 200 Å. The NVE ensemble was adopted to keep the number of atoms,
the volume, and the energy of models unchanged, and all atoms were kept at 100 K with the Langevin thermostat during indentation.
A 10 nm thick slice perpendicular to the z-axis was made and visualized using the software OVITO to track the defect evolution of

nanocrystalline Au nanobeam under nanoindentation (Fig. S8(a)). Atoms were rendered according to CNA, where green, white, and red
colors represent atoms in FCC structure, grain boundary, and dislocation, respectively. To better observe defect generation and evolution,
atoms in the FCC structure colored green and the tip were removed, atoms in grain boundary colored white, and dislocations colored red are
shown in Figs. S8(b)-S8(f). With the increase of indentation displacement, dislocation sources first nucleate at the grain boundary, as
shown by the cyan ellipse in Figs. S8(c) and S8(d). Dislocations in the grain are shown by the green ellipse in Fig. S8(e). Dislocations
penetrating the whole grain tend to form a pile-up group, significantly strengthening the crystals, as shown by the pink ellipse in Fig. S8(f).
Massive dislocations initiated in grains near the indenter result in dislocation slip, grain boundary sliding, and grain rotation, as shown by
the blue rectangles in Figs. S8(b) and S8(d) both contribute to plastic deformation.

Figure S8 The MD simulation and defect evolution of the doubly clamped nanocrystalline Au beam under nanoindentation. (a) Perspective
view of a 10 nm thick slice perpendicular to the z-axis. (b-f) Defect evolution analysis under indentation displacements of (b) 0 nm, (c) 2.5
nm, (d) 4.5 nm, (e) 5.5 nm, and (f) 11 nm.
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Figure S9 TEM images of the crack tip and propagation of a 21.7 nm thick Au beam. (a) The crack arresting occurs at the junction of three
grains, and the crack tip presents obvious bluntness. (b) The crack arresting occurs at the junction of three grains, and the crack tip presents
obvious bluntness. A hole appears in front of the crack tip. (c) The crack propagates along the grain boundary near the crack tip and stops at
the grain boundary.



Figure S10 Characterization of AFM tip. (a) Scanning electron micrograph (SEM) images of AFM probe tip. (b) A magnified SEM image
of the magenta rectangle in (a).





Figure S11 Error analysis of the 21.7 nm thick Au beam under nanoindentation based on FEM. (a) Effects of tip diameter on the F-δ curves.
(b) Effects of prestress on the F-δ curves.
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