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ARTICLE INFO ABSTRACT

Keywords: Metals with a face-centered cubic (fcc) structure, such as gold (Au), are generally known for their excellent

Au nanosheet ductility. However, in this study, we observed a novel brittle fracture behavior in ultrathin Au nanosheets with a

Fracture thickness of approximately 15 nm and a diagonal length of up to 80 pm, synthesized via an aqueous solution

Phase transformation . . . . .

Nanoindentati method. Nanoindentation experiments on these nanosheets revealed a unique fracture pattern, characterized by
anoindentation

crack propagation at angles of 120° from the indentation point. Molecular dynamics (MD) simulations replicated
this unusual behavior, attributing it to a localized phase transformation from the fcc to hexagonal close-packed
(hcp) structure under external stress. We hypothesize that this phase transition is initiated by stacking faults
introduced during the nanosheet fabrication process. The observed brittle fracture is further influenced by an
energy dissipation mechanism, as evidenced by the formation of slip lines around the fracture site. Our findings
suggest that even in ductile metals like Au, brittle fracture can occur due to localized phase changes and energy
dissipation. This study provides new insights into the mechanical behavior of ultrathin Au nanosheets, with
implications for their application in nanoelectronics and other advanced technologies.

Molecular dynamics simulations

1. Introduction and optoelectronic devices. In particular, we aim to apply these mate-

rials in flexible electronic systems where mechanical compliance and

Anisotropic gold (Au) nanostructures, particularly ultrathin large-
area nanosheets, have attracted significant attention as potential
building blocks for nanoelectronic devices, including energy harvesting
systems and strain sensors [1-5]. In this study, the ultrathin Au nano-
sheets were synthesized via the reduction of aqueous Au salt solutions,
resulting in structures with a thickness of less than 20 nm and lateral
dimensions up to 2000 pm? The controlled synthesis of such nanosheets
provides a pathway for creating high-performance Au thin films that can
serve as efficient conductive layers or active surfaces in nanoelectronic
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durability are essential. Understanding the mechanical behavior of these
Au nanosheets is crucial, as their mechanical properties directly affect
the performance and lifespan of flexible devices [6]. Furthermore,
investigating their behavior at the nanoscale offers valuable insights into
the intrinsic mechanical properties of gold in low-dimensional forms.
Au is traditionally considered one of the most ductile metals; how-
ever, at room temperature, there have been rare instances where its
ductility is significantly reduced, leading to cracking. Such cases have
seldom been reported [7], even on the nanoscale. Recently, Wang et al.
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[8] demonstrated that under certain conditions, Au atoms can adopt a
hexagonal close-packing (hcp) stacking sequence, forming a material
that exhibits brittle fracture in Au nanowires. Building on these obser-
vations, we demonstrate here for the first time that brittle fracture can
also occur in ultrathin Au nanosheets. This testing methodology is not
entirely new and has previously been applied to other 2D materials such
as MoS, and graphene, as well as to sputtered polycrystalline copper
films on carbon grids [9-12]. Such comparisons are crucial as they not
only validate our testing approach but also provide a broader perspec-
tive on the mechanical behavior of ultrathin materials under similar
conditions.

Stacking faults, such as a hep (a structure where atoms are packed
together in a hexagonal arrangement, with layers alternating to achieve
the closest possible packing) stacking sequence in fcc (a crystal structure
where atoms are located at each corner and the centers of all the cube
faces of a unit cell) crystal structure, may be related to a low stacking-
fault energy of Au [7]. The mechanical properties of ultrathin Au
nanosheets may be altered by involvement of structural defects, but
have not been studied, neither theoretically nor experimentally. In
addition, we intend to interpret the results of this study by using the
analysis of the process of fracture in a competition between energy
dissipation mechanisms [13,14].

In the case of ultra-thin nanomaterials including two-dimensional
structures, mechanical properties can be quantitatively analyzed using
nanoindentation or atomic force microscopy (AFM). It is made in such a
way that an approximate in-plane load can be applied to an ultra-thin
nanomaterial placed on a perforated substrate. Accordingly, this anal-
ysis often demands a specimen with a sufficiently large lateral size to
cover a hole of a few micrometers in diameter. In this study, we syn-
thesized and used ultrathin Au nanosheets with a lateral size of tens of
micrometers and a thickness of ~20 nm or less using the previously
reported hydrothermal process [4,5]. Deformation and fracture
behavior of the nanosheets were investigated by using a nano-
indentation method (G200™, KLA Corp. USA). The brittle fracture
accompanying the formation and propagation of three cracks with a
divergent angle of 120° was observed in Au nanosheets. There may be
differences in the stress distribution depending on the shape of the
indenter tip. To take this effect into consideration, three tip shapes were
used. Detailed experimental procedures are in supplementary material.

In the next two sections, the microstructure and mechanical behavior
of Au nanosheets will be discussed in detail. Recently, studies have been
published to explain the ductile-brittle transition of ductile fcc struc-
tured materials which is caused by phase transition. Lu et al. [7] re-
ported that due to the relatively low stacking fault energy of Au and the
collective motion of Shockley partial dislocations <112> along {111} slip
planes, twins easily form. This formation significantly affects the me-
chanical behavior of nanoscale Au [15,16]. According to Lu et al. [7],
misalignment occurring between the nanowire and the tensile axis
inevitably leads to shear along the transverse plane. This acts as the
cause of the stacking faults and can provide a driving force that subse-
quently causes twins. And interestingly, it has been reported that the
crystal structure of Au can be transformed from fcc to hep and vice versa,
which can also be converted under the influence of twins associated with
stacking fault [17-19].

In this study, we propose several possible scenarios to understand the
brittle fracture behavior of ductile gold in anisotropic nanosheets and
provide experimental evidence to support these findings. The concepts
of stacking faults that may occur during the synthesis of gold nano-
sheets, the possibility of local phase transformations due to external
stress concentration, and energy dissipation mechanisms should be
considered in understanding the novel mechanical behavior of ultra-thin
Au nanosheets.
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2. Experimental section
2.1. Fabrication and transferring of Au nanosheets

In the typical synthesis of Au Nanosheets (NSs), 5 mL of an aqueous
solution containing 1.7 mg of L-arginine (Sigma Aldrich) was placed in a
20-mL vial at room temperature before heating the solution to 95 °C.
Meanwhile, 2 mL of aqueous solution containing 13.5 mg of hydrogen
tetrachloroaurate trihydrate (HAuCls-3 HyO, Alfa Aesar) was drop-
injected into the L-arginine solution using a pipette. The reaction
mixture was maintained at 95 °C for 2 h and then cooled down to room
temperature. The solvent was then removed using a pipette. The final
solution was then prepared by mixing with ethanol/distilled water, after
which the Au NSs precipitated. Then, the Au NSs was transferred onto
SiO5 substrates with 10-pm-diameter holes for the nanoindentation
tests.

An oxidized silicon (SiO;) substrate was cleaned using a piranha
solution. A ~1.4-um-thick photoresist (PR) was then spin-coated on the
cleaned substrate and patterned via a standard photolithography pro-
cess. The silicon dioxide layer was then selectively etched by dipping it
in a buffered oxide etchant at room temperature. After removing the PR
etching mask, a silicon trench with 10 pym diameter was formed by
vertically etching the exposed silicon part via a deep reactive ion etching
process.

2.2. XRS, SEM, TEM and AFM measurements

The crystal structures and microstructures of Au nanosheets were
analyzed by XRD, SEM, EBSD, AFM, and TEM. To observe and measure
the surface morphology and size of Au nanosheets on the Si wafer, SEM
and AFM analyses were used. The crystallinity of Au nanosheets was
measured using XRD, for which Au nanosheets were transferred on Si
wafer several times to form a thick layer to obtain sufficient XRD data. In
addition, the lattice structure of the sample was examined by TEM.

After indentation, the surfaces of indented sample were also inves-
tigated by SEM and TEM. The mechanical behavior of Au nanosheets
was confirmed from SEM and TEM data. Figure S1 is an SEM image of Au
nanosheets mounted on a perforated SiO5/Si substrate. As mentioned in
the text, the triangular and hexagonal Au nanosheets are well formed
and can be seen extending over the hole. The thickness of Au nanosheets
was measured using AFM. As shown in Fig. S2, the thickness is about
20 nm and the entire sheet has a uniform thickness. It can be seen that it
is placed evenly on the hole even after transfer (Fig. S2 (b))

2.3. Nanoindentation test

For the nanoindentation experiment, a Nanoindenter G200™ nano-
indentation system (KLA Corp. USA) was used, and a Dynamic Contact
Module (DCM™) load cell was employed, which provides higher reso-
lution compared to that of the XP™ load cell. There may be differences
in the stress distribution depending on the shape of the indenter tip. To
take this effect into consideration, three tip shapes were used. Basically,
experiments were conducted using Berkovich tips, and indentation ex-
periments were conducted using cube-corner and conical tips to confirm
the fracture pattern. The indentation depth was in the range of
~50-500 nm with a loading rate of 0.075 mN/s applying the same load
over time to the specimen in the constant strain rate, 0.05/s. To deter-
mine the intrinsic behavior of the Au nanosheets, the samples were
transferred onto Si substrates with 10-pm-diameter holes arranged at 5-
pm intervals, and the indentation tests were carried out in a free-
standing position. After indentation, the surfaces of the indented sam-
ples were investigated by SEM and TEM. The mechanical behavior of the
Au nanosheets was confirmed based on the SEM and TEM data.
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2.4. Molecular dynamics (MD) study

Molecular dynamics was performed to simulate the behavior of the
atoms when external forces were applied to the Au NSs. It was assumed
that Au atoms were stacked with 8 layers in the closest packing, and the
Au geometry was taken to be a circle with a diameter of 20 nm (Fig. S6).
Herein, the interatomic spacing was set for 2.88 A for the fcc structure
and 2.96 A for the hcp structure based upon literature values [8]. We set
the simulation box size as Ly = L, = 24 nm and L, = 4 nm. An external
force ranging from 0 to 0.112 nN/atom was applied in the vertical di-
rection of the Au sheets. The external force was exerted only on the Au
atoms within a 1 nm radius circle from the center of the sheet. The
interatomic interaction of Au atoms was modelled by using the
embedded atom model (EAM) potential. We simulated the behavior of
the atoms for 500 ps with a 2 fs timestep at 300 K. These simulations
were performed in the NVT ensemble by using the Nosé-Hoover ther-
mostat [20,21]. All MD simulations have been performed by using
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
[22] and visualized by using Visual Molecular Dynamics (VMD) [23].

3. Results and discussion
3.1. Microstructures and crystallinity of ultrathin Au nanosheets

The as-synthesized ultrathin Au nanosheets had a hexagonal or
truncated triangular shape, and their diagonal sizes ranged up to 80 pm
(Fig. 1 & S1). A brief description of the crystallographic observation of
the Au nanosheets used in this study is as follows: In the transmission
electron microscopy (TEM) analysis, a selected area electron diffraction
(SAED) pattern taken from an Au nanosheet was composed of diffraction
spots with a 6-fold rotational symmetry (Fig. 1), indicating that its top
and bottom faces are enclosed by {111} planes.

The results of TEM and X-ray diffraction (XRD) analysis are shown in
Fig. 1, where Fig. 1(a) is of morphologies of the nanosheets and Fig. 1(b)

(b)
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is of cross-sectional views of the ultrathin Au nanosheets. The thickness
of the Au nanosheets shown in Fig. 1(b) is about 15 nm and most of them
are less than 20 nm. As shown in Fig. S2, the thicknesses were also
confirmed by AFM, which were uniform regardless of the size of Au
nanosheets. The distance measured between the two planes stacked in
the thickness direction was ~0.24 nm shown in Fig. 1(b). Fig. 1(c) shows
the Bragg reflection patterns on the zone axis [111]. As shown in the
pattern, {220} intense spots and %{422} weak spots are visible. Obser-
vation of the extra spots associated with %{422} diffractions presents
various possibilities for interpreting crystal structures: the presence of
twin planes and/or stacking faults in the {111} plane and local hcp
crystal structure in Au nanosheet [24-26]. It should be noted that
Cayron et al. [27] also asserted that the %{ 422} diffraction should not be
related to the hcp phase in Si nanowire studies. The cross-sectional,
high-resolution TEM (HRTEM) images of the Au nanosheets confirmed
the presence of such defects parallel to their top and bottom faces. Insets
of Fig. 1(b) showed that Fast Fourier transform (FFT) patterns, and twins
are clearly observed. However, these twins and stacking faults are not
always observed in TEM work (see Fig. S3). The X-ray patterns of Au
nanosheets shown in Fig. 1(d) indicate that the Au sheets grew as a
close-packed single crystal oriented in (111), and this result can also be
seen in the TEM diffraction pattern shown in Fig. 1(c). Therefore, it was
found that the close-packed surface of the Au atoms was aligned
perpendicular to the [111] direction in the z-axis and faced toward the
< 110 > direction shown in the inset of Fig. 1(d).

As known from the literature (calculated or experimental), the lattice
parameter of Au in fcc structure is approximately ~4.0786 A, and the
lattice parameters a and ¢ of hcp Au are approximately 2.96 A and
4.84 A, respectively [8]. In this study, the in-plane interatomic spacing
for the fcc Au structure was geometrically calculated as 2.88 A based on
the lattice parameter of 4.0786 A, and the in-plane interatomic distance
for the hep Au structure was chosen as 2.96 A according to the literature
value [17]. These values were chosen for the molecular dynamics (MD)

(d) Au
~ | am

Intensity (a. u

Au Au Si

(220) |

| JL@w)

30 40 50 60 70 80
20 (deg)

Fig. 1. Morphology and crystal structure of the Au nanosheets: (a) FE-SEM image of Au NSs; (b) cross-sectional view HRTEM and TEM & FFT patterns of the Au
nanosheets; (¢) {220} intense spots (squared) and {422} weak spots (circled) of Bragg reflections in the [111] zone axis; (d) XRD patterns and schematic illustration

of the Au nanosheets.
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simulation to intentionally maximize the differences in parameters be-
tween the fcc and hep structures of Au.

The selected area electron diffraction (SAED) pattern in the TEM
study also confirmed that Au nanosheets were single crystalline mate-
rials with fcc structure, as shown in Fig. 1(C). All diffraction patterns can
be commonly identified as fcc structures. As shown in Fig. 1(C), intense
{220} reflections (open square) are clearly observed and very weak re-
flections of % {422} patterns are also detected, which the open circle
indicates the reflection. Owing to the appearance of % {422} reflection
patterns it can be presumed that the structure of the Au nanosheets used
in this study is not perfectly fcc because these reflection patterns are
generated by the stacking faults [26,28]. The inset of Fig. 1(d) shows a
schematic diagram of the crystallographic orientations of Au nanosheets
based on XRD and TEM studies.

3.2. Novel mechanical behavior of the ultrathin Au nanosheets

For the nanoindentation test, ultrathin Au nanosheets were trans-
ferred onto a SiO; substrate. Fig. 2 shows a scanning electron micro-
scope (SEM) image of a transferred Au nanosheet with an array of
cylindrical holes each with diameter of 10 pym and depth of 10 pm. The
sizes of the triangular or hexagonal Au nanosheets varied from several to
tens of micrometers (refer Fig. S1). Fig. 2(a) shows a representative
image of Au nanosheets after the nanoindentation tests with Berkovich
tip (a three-sided pyramid diamond tip with the same area-to-depth
ratio as a traditional Vickers indenter, centerline-to-face angle of
65.3°). As shown in Fig. 2(a), the nanoindentation test was performed on
the material suspended over holes (indicated by white circles) in an Au
nanosheet having a size of about 65 pm from a hexagonal surface to a
surface. Since the size of the Au nanosheets was sufficiently large to
cover several holes, nanoindentation tests could be performed several
times on the same Au nanosheets. Similar radial crack formation has
been investigated in brittle materials under impact loading [29], yet our
study shows that such patterns can also emerge from localized phase
transitions and stress dissipation in quasi-static conditions.

After the nanoindentation tests with Berkovich tip, three cracks with
a divergent angle of 120° were observed and cleavage fractures
appeared in the Au nanosheets, which can typically be observed in
brittle materials. Load-displacement curves presumed to show the
cracking phenomenon can be seen in Fig. S4. To see if the shape of the
Berkovich tip affects the angle of the crack, we intentionally made a
large indentation mark to compare the direction of the crack with the
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shape of the Berkovich tip. The black rectangle inset in Fig. 2(a) is an
enlargement of the designated region, and the edge of the Berkovich tip
is indicated by a solid black line. Figs. 2(b) and 2(c) are enlarged images
of the white dotted circle in Fig. 2(a) and white rectangle in Fig. 2(b),
respectively. The comparison of the directions of cracks and tip edges
shown in Figs. 2(b) and 2(c) clearly indicates that the Berkovich tip
edges and cracks are not matched. Thus, the directions of the cracks are
independent of the tip geometry.

To examine whether the shape of the indenter tip influences fracture
behavior, experiments were conducted using a cube-corner tip, a conical
tip, and a Berkovich tip. It was observed that the fracture behaviors with
the cube-corner and conical tips were similar to those with the Berko-
vich tip, indicating that the shape of the indenter tip does not signifi-
cantly affect the fracture behavior of the Au thin film. Fig. 3(a) in the
supporting information shows the cube-corner tip and provides addi-
tional insights into fracture behaviors observed during indentation.
Figs. 3(b) and 3(c) depict indentation with conical and Berkovich tips,
respectively, where the dashed lines indicate the same divergent angles
across the different tips. Notably, Fig. 3(b) illustrates a unique fracture
mode observed in the molecular dynamics (MD) simulation under a
slightly higher load of 0.08 nN/atom compared to that shown in Fig. 5
(b). In the case of the conical tip, the fracture behavior was found to be
brittle, similar to that observed with the Berkovich tip (Fig. 3(c)). The
dotted lines in Fig. 3(b) and Fig. 3(c) (reconstructed from Fig. 2) indicate
the same divergent angle, further supporting the similarity in fracture
behavior. Interestingly, Fig. 3(b) reveals another failure mode in the MD
simulation under the slightly higher load, emphasizing that a more
concentrated load is typically applied in the case of a conical indenter.

The white arrows shown in Fig. 2(c) indicate plastic slip lines that
occurred around the cracks during nanoindentation tests. The direction
in which the slip lines occurs coincides with the edge direction of the Au
nanosheets (compare with face of hexagonal Au nanosheets in Fig. 2(a)
and arrows ‘a’, ‘b’, and ‘c’ in Fig. 2(c)) as well as between cracks and slip
lines are 60° apart. It can be determined that the cracks occurred along
the overlapping parts of the slip lines. In other words, it seems that ‘¢’
cracks occurred along the points where slip lines ‘@’ and ‘b’ meet, and
the rest are thought to be formed in the same way. The formation and
propagation of cracks will be comprehensively explained later using a
schematic diagram along with the simulation results. In addition, it can
be observed that the slip line formed on the Au nanosheets subjected to
point loading with an indenter and the direction of crack propagation
are quite similar. As a result of checking by electron backscattering

Fig. 2. Scanning electron micrograph of large-area Au nanosheets on the SiO, hole substrate where the indentation experiment was conducted: (a) Electron
micrograph of indented Au nanosheets and indenter shape; (b) Enlarged image of the white dashed circle in (a); (c) Enlarged image of the white dashed rectangle in

(b) and cracks and slip lines.
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Fig. 3. Fracture behaviors during indentation with (a) cube corner tip; (b) conical tip (¢=50 nm); and (c) Berkovich tip for reference.

diffraction (EBSD), it can be seen that it is in the < 110 > direction,
which is shown in Fig. 4. Fig. 4(a) shows an EBSD mapping of the
rectangular region in Fig. 4(b). Besides, cracks ‘b’ * and ‘¢’ ° are not
accurately identified in the EBSD image because the nanosheets pro-
trude out of the plane during retraction of the indenter after indentation
and remain as shown in Fig. 4(a). The crack in the ‘@’ * direction shows
enough data to interpret the crystallographic direction of cracks with
green pixels near cracks as seen in the EBSD map. This is matched with
the non-tilting plane image, and the crack direction is < 110 > . For fcc
crystal structures, all h, k, and I need to be either even or odd (mixed
indices need to be absent in diffraction peaks); however, as shown in
Fig. 4(a), the existence of a mixed index such as the (112) plane is
estimated to be due to the formation of other crystal structures or crystal
defects in part of fcc due to the press-in load. This transformation can be
hypothesized as the cause of brittle fracture of Au nanosheets. We
believe that the change in the fcc crystal structure to an hep-like struc-
ture i.e., partially hcp packing sequence, either due to the localized
indenting load or stacking sequence changing due to cross-over slip
lines, can be a dominant factor in the formation of cleavage fractures.
Lu et al. [7] studied the fracture behavior of sub-20-nm gold wires
and they reported the observation of two different phenomena: ductile
and brittle-like fracture behaviors. The ductile fracture behavior is
typical of fcc materials, such as Au and Ag; however, the brittle-like
fracture behavior is abnormal. Lu et al. suggested that the formation
of twins during the deformation can result in a phase transformation
from fcc to hep crystal structure, which results in an atypical brittle-like
fracture in fcc materials. The tensile stress was ~1 GPa, and the Young’s

modulus stated in the literature ranges from ~25-28 GPa in the case of
brittle-like fracture.

During the indentation of Au nanosheets, dislocations were gener-
ated around indentation tip, and these dislocations are known to move
through the motion of the partial dislocations in the < 112 > direction
on the {111} plane. During the motions, the stacking sequences of fcc Au
(ABCABCA...) can be matched with the stacking sequence of hcp Au
(ABABA...) [17], and then, the brittle fracture can occur at the points
satisfying the requirements of failure. MD simulations (the conditions
for MD simulation are detailed in the supporting information shown in
Fig. S5, S6) were performed to understand the unique behavior and to
verify our assumption to reach the fracture of Au nanosheets by the
nanoindentation test.

Interestingly, while lowering the stacking fault energy in FCC metals
generally increases ductility - as observed in many FCC concentrated
solid solution alloys (e.g., in references [30,31]) - our results revealed
brittle fracture behavior in ultrathin Au nanosheets, both experimentally
and through simulation. Notably, when we assumed an HCP crystal
structure in the simulation, brittle fracture behavior was successfully
reproduced. These findings suggest that a local phase transition from
FCC to HCP may occur during indentation at the nanoscale, resulting in
the observed brittle behavior.

The results of MD simulations, shown in Fig. 5(a), indicate that no
significant cracks occur when indentation is performed on the fcc crystal
structure. When the load is increased, deformation occurs when the
force reaches 0.112 nN/atom, and the sheet is pierced in the part where
the load is applied. No propagation of the cracks such as observed

001 013 012 023 o011

Fig. 4. EBSD analysis of the indented Au NS: (a) Plane view SEM image of the cracks of the indented Au nanosheets; (b) SEM image at and EBSD maps tilted at 70° of
the indented Au nanosheets. Green pixels near crack a' indicating < 110 > direction that was analyzed by EBSD.
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0.048 nN/atom’ 0.064 nN/atom "

(c)

Propagation path

Fig. 5. Molecular Dynamics simulation data for the Au nanosheets with (A) fcc;
(B) hcp structure; (C) schematic of the indentation and slip line formed on the
nanosheets; (D) schematics for formation and tangling of dislocation on
Au nanosheets.

experimentally was predicted by this simulation. In the case of the hcp
crystal structure, it can be seen that as the load increases, the same radial
cracking of 120 ° as observed in the experiment occurs (side views are in
Fig. $6). The force that formed the radial cracks in the hcp structure was
approximately twice smaller than the force puncturing the fcc crystal
structure. It can be assumed that stress concentrations at the localized
hep structures due to the stacking fault in the Au nanosheets and cracks
are directly initiated and propagated along those defects.

Fig. 5(c) is a schematic diagram of the cracks and slip lines in the
indentation of the ultrathin Au nanosheets in Fig. 2(a). Fig. 5(d) is an
enlarged part of the white circle in Fig. 5(c), and it is expressed that the
slip lines are concentrated on the loading part, which can be confirmed
in the actual SEM image (before crack initiated) on Fig. 5(d). The
schematic diagram drawn in the middle of Fig. 5(d) represents the in-
crease in dislocation density as the slip lines overlap. It is thought that
this increase in dislocation density creates the necessary conditions for
cracking to occur.

Kysar [13,14] presented a framework to evaluate the competition
between cleavage, crack tip dislocation nucleation, and Frank-Read (FR)
dislocation source activation near the crack tip as potential energy
dissipation mechanisms. If the FR source is generated easier than other
two possible phenomena, it can be said that it has extrinsically ductile
characteristics. If the cleavage occurs at a lower load than the crack tip
dislocation nucleation, the material was judged to have intrinsically
brittle properties. On the other hand, if the crack tip dislocation nucle-
ation was dominant at the lower load, the material was judged to be
intrinsically ductile. Kysar interpreted the above three energy dissipa-
tion mechanisms to operate competitively, and the fracture behavior of
the material changes depending on which mechanism prevails. In the
graph of the reference [13], the ductile-dominant region and the brittle
characteristic dominant region were defined using the two dimension-

1
less parameters, b/’gisz (where b is the Burgers vector and pgig is the
dislocation density) and 7,/u (where 7, is the Peierls stress and u is the
elastic shear modulus), and the ductile-brittle transition model was
presented according to the change of the two parameters.
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Applying those concepts to the experiments and simulations in this
study, we note that in specimens with nanometer scale thickness that FR
dislocation nucleation is unlikely due to the paucity of pre-existing
dislocations. Therefore, such materials are not expected to be extrinsi-
cally ductile. Thus, the operative energy dissipation mechanism is be-
tween crack tip cleavage and crack tip dislocation nucleation. It is
apparent from the experiments that dislocations are nucleated as the
crack tip propagates through the material, so this material would be
classified as being intrinsically ductile according to the criterion of Rice
and Thomson [32]. Nevertheless, since FR sources are not activated
away from the crack tip the overall material behavior is brittle.

Another possible mechanism leading to the creation of cracks in this
ultrathin Au nanosheets is phase transformation under high pressure
and/or high-input energy by indentation. Diao et al. [33] reported that
gold nanowire with fcc structure was transformed into body-centered
tetragonal (bct) structure by surface stress. Due to the change of the
lattice structure, the mechanical properties of the Au nanosheets
changed from ductile to brittle. However, there is not sufficient evidence
for this phenomenon, thus, further studies need to be performed.

3.3. Measurement of the elastic properties of the ultrathin Au nanosheets

Extensive research has been conducted to understand plates and
membranes; however, it is difficult to find a suitable theoretical
description for the properties of a given film, such as thickness, span,
pre-strain, and elastic properties. Komaragiri et al. [34] provided maps
based on boundary layer analysis, to understand the mechanical
behavior of the film. Wan et al. [35] also presented an important
approach for the description of thin clamped circular film. Kysar and
Hone research groups suggested a semi-empirical relationship between
the force and displacement of indentation of a free-standing circular
membrane from which the elastic stiffness of 2D materials can be
determined by fitting against the experimental data [9,10] assuming
isotropic mechanical response, which can also be extended to thin films
with thickness within tens of nm that can be treated as membranes. We
performed a nanoindentation test on the Au nanosheets to characterize
the mechanical properties, and the initial section of loading curve has
been fitted with the semi-empirical equation [9]

1
F:agDoﬂoé-i-EZD.qso F.53 1

where F is the applied force, § is the deflection at the center point, 2P is
the pretension in the film, E?P is the elastic modulus of the thin film,
and ¢ =1/(1.05 — 0.15v — 0.161/2) = 1.04 is a dimensionless constant,
where v is the Poisson’s ratio taken as 0.415 [36]. The result of the fitting
is shown in Fig. 6. As mentioned above, Eq. 1 is a reasonable approxi-
mation to describe extremely thin structures, such as 2D materials.
Recent studies to further address the mechanics of the relationship be-
tween force and displacement include [37,38], as discussed in the
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Fig. 6. Initial section of the load-displacement curve of the Au nanosheets and
curve fitting to the equation in references [9,10].
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Supplementary Information. We estimated that a pretension of
approximately 7 N/m was applied to the Au nanosheet, which was ob-
tained by fitting the experimental data using Eq. (1).

We obtained values describing the mechanical properties of 2D
sheets in using Eq. 1. The quantities used in Eq. 1 could be applied for
three-dimensional (3D) parameters by the division by the interlayer
spacing in the Au nanosheet, which was ~0.24 nm measured by high-
resolution transmission electron microscopy (HRTEM). As mentioned,
these quantities cannot be used to predict further mechanical properties
because they are not intrinsic properties of a single sheet [9,10].
Nevertheless, we obtained an elastic modulus value of 30 GPa for the
nanosheet using Eq. 1, which is similar to the literature value [7].

In addition, it is possible to estimate the maximum total strain suf-
fered by the membrane immediately below the indenter tip based on
analyses by [39,40]. Equation 17 of reference [40] suggests that at a
loading of 2.25 uN with an indenter tip with 40 nm radius that the sum
of the prestrain and the in-plane strain induced by the indentation
process is about 0.034 of which about 0.016 is from the prestrain.
Therefore, the analysis of the force vs. indentation depth data in Fig. 6 is
sufficient to sample the elastic properties of the membrane.

Due to the stacking fault occurring during the synthesis process, the
fec structure was partially transformed into an hep structure, and as the
ability of the hcp structure to withstand the stress by nanoindentation is
lower, cracks initiated and propagated in the thin film. Wang et al. [8]
reported calculated values for the shear modulus (G) of Au according to
the Voigt [41], Reuss [42], and Hill [43], which are 19.5 GPa for hcp Au
and 26.8 GPa for fcc Au. Interestingly, the Young’s modulus of Au
nanosheets calculated in this study is similar to the shear modulus
described in the study by C. Wang et al. [8]. It is presumed that the
Young’s modulus and the shear modulus of 2D materials and ultrathin
materials are not distinguishable due to the directions of the stresses,
which are almost only in-plane for the materials. C. Wang et al. also
reported the bulk modulus (B) of Au in two different crystal structures,
which was compared to those of hcp Mg. According to their results, hcp
Au has a shear modulus similar to that of hcp Mg, but a significantly
higher (approximately four times higher) B value compared with that of
hcp Mg. Therefore, to obtain deformable but tough hcp structured ma-
terials, a fabrication and stabilizing process needs to be established for
hep Au.

4. Conclusions

In conclusion, we observed the brittle fracture phenomenon of gold,
one of the most ductile metals, under vertical loads by nanoindentation.
This can be attributed to the simultaneous or complementary occurrence
of the energy dissipation mechanisms, namely crack tip cleavage and
dislocation nucleation, and the local phase transformation caused by
external loads. It is unique compared to the other materials such as MoS,
[44], MoSey [45] or graphene [9,10] that maintain their crystal struc-
ture during fracture. In the case of materials like MoS; and MoSej,, the
presence of point defects, and in the case of graphene, the influence of
defect density, can be said to be the causes of their brittle fracture
behavior. On the other hand, Au nanosheets exhibit a more complex
crack propagation pattern influenced by localized phase changes and
structural defects. Our findings bear similarities to the
dislocation-confinement-induced brittle behavior in layered systems
reported by Hsia et al. [46], further supporting the idea that dimensional
confinement can drastically alter fracture modes.

An interesting phenomenon was observed in which cracks due to
brittle fracture propagate in three directions at an angle of 120°.
Although a slightly different fracture pattern was shown depending on
the type of nanoindenter tip, it was confirmed that a 120° radial fracture
pattern was maintained, which is described in Table S1. The fracture
pattern has been replicated in an MD simulation based on the crystalline
structure, which supports the mechanism explaining the brittle fracture
of the gold nanosheet as proposed in this study.
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The Au nanosheet used in this study is not a perfect 2D material like
graphene, so the approach from the references is not entirely applicable.
However, it does show results that are considerably close. Also, the re-
sults from the MD simulation are based on the thickness of about 10 Au
atoms, which is different from the actual thickness of the Au nanosheet
used. Thus, it cannot be said that the interesting crack propagation
phenomenon was perfectly reproduced, but it is significant in that it
replicated the observed phenomenon. Moreover, this study suggests that
even for materials with very high ductility, brittle fracture can begin due
to the localized concentration of stress. Due to the brittle nature of the
Au nanosheet, the indentation depth had to be limited to prevent frac-
ture when evaluating the elastic properties. As a result, the fitting was
performed within the elastic regime, where the deformation may be
predominantly governed by prestress and the sensitivity to the Young’s
modulus relatively low. Nevertheless, we believe the extracted values
still provide meaningful estimates of the elastic properties.

In the recent study by Ma et al. [47], it was demonstrated that the
mechanical properties related to crystal size remain valid at the nano-
scale. However, a distinct difference is observed between bulk gold
composed of nanocrystals and gold at nanoscale thickness, which is
ultimately attributed to the effects of dimensionality. This aligns closely
with the claims made in the present study.
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