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ABSTRACT: Metallic nanowires usually exhibit ultrahigh strength but low
tensile ductility owing to their limited strain hardening capability. Here we study
the unique strain hardening behavior of the five-fold twinned Ag nanowires by
nanomechanical testing and atomistic modeling. In situ tensile tests within a
scanning electron microscope revealed strong strain hardening behavior of the
five-fold twinned Ag nanowires. Molecular dynamics simulations showed that
such strain hardening was critically controlled by twin boundaries and pre-existing
defects. Strain hardening was size dependent; thinner nanowires achieved more
hardening and higher ductility. The size-dependent strain hardening was found to
be caused by the obstruction of surface-nucleated dislocations by twin boundaries.
Our work provides mechanistic insights into enhancing the tensile ductility of
metallic nanostructures by engineering the internal interfaces and defects.

5000 © 38nm
42 nm
rd v 55nm
4000 96 nm )
= r - Strain I
& 3000 |- d 1 hardening
e |
= d
§ 2000 b
ET %
1000
ok

1 L I
0.02 0.03 0.04

Strain

1
0.00 0.01

KEYWORDS: Nanowire, twin boundary, strain hardening, size effects, in situ experiment, molecular dynamics

Nanoscale structures like nanowires are known to exhibit
ultrahigh yield strength but limited hardening and low
ductility (tensile strain to fracture)."™ Insufficient hardening
can severely affect the mechanical integrity of the constituent
nanostructures in nanomechancial devices and other techno-
logical applications. This lack of hardening has been under-
stood to be primarily due to the absence of effective obstacles
within the nanowire, which otherwise could block the
movement of crystalline defects like dislocations so as to
produce macroscopic hardening.®> Hence engineering the
internal interfaces and defects of the nanoscale materials
toward improving hardening has been a significant area of
research in recent years.4’5

Many recent studies have focused on single-crystalline
metallic nanowires through experiments and modeling. Single
crystalline nanowires of face-centered cubic (fcc) metals like
silver, nickel, copper and gold (Figure 1a) have been found to
deform via dislocation-mediated plasticity®™"" or via deforma-
tion twinning and lattice reorientation'*™'¢ without exhibiting
pronounced hardening. To promote strain hardening, nano-
wires with coherent internal twin boundaries (TBs) have
recently received much attention, owing to the capability of the
TBs to contribute to hardening by acting as barriers to
dislocation motion. For example, nanowires with horizontal
TBs (Figure 1b) have been studied.'” > But effective
hardening due to these horizontal TBs requires uniformly
small twin spacing across the entire length of the nanowires,
thus imposing a challenge to nanowire synthesis. In addition,
the inclined TBs in nanowires (Figure lc) are subjected to
nonzero resolved shear stress during axial loading of nanowires
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and are thus prone to migrate, causing twin coarseing.22 In
contrast, nanowires with vertical TBs (Figure 1d) have shown
promising results specifically with respect to strain hardening,
Zhu et al** reported pronounced strain hardening in Ag
nanowires (AgNWs) with a well-defined five-fold vertical twin
structure. Filleter et al.* further studied this type of AGNWs of
various diameters and found that the smaller diameter AgNWs
exhibited stronger strain hardening than the larger ones.
Despite these promising results, the mechanisms underlying the
strain hardening and associated size effects in nanowires with
vertical TBs remain unclear.

Recently, several groups have conducted molecular dynamics
(MD) simulations to explore the mechanical properties and
deformation behavior of the five-fold twinned AgNWs.>>"3!
However, these MD works were unable to capture the
hardening behavior in the stress—strain responses, which has
been observed in experiments. Hence questions as to why MD
simulations cannot complement the experimental results or
explain the mechanisms governing the hardening behavior,
remain unanswered.

In this work, we report a combined experimental and
modeling study that combines in situ tensile testing within a
scanning electron microscope (SEM) and large scale MD
simulations for the five-fold twinned AgNWs. We were able to
capture the strain hardening behavior of these nanowires in
both experiments and modeling. The detailed hardening
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Figure 1. Schematics of metal nanowires with different types of ordered arrangement of TBs, colored in brown. (a) Single crystal nanowire without
TBs. (b) Nanowire with horizontal TBs. (c) Nanowire with inclined TBs. (d) Nanowire with five-fold vertical TBs.

mechanisms were further revealed by analyses of MD results.
The hardening behavior was shown to be critically dependent
on the nanowire diameter, as well as the pre-existing defects.
The simulated necking and fracture modes are compared with
experiments. These results provide insights into enhancing the
tensile ductility of metallic nanostructures by engineering the
internal interfaces and defects.

Results and Discussion. Five-fold twinned AgNWs were
synthesized by a modified polyol process.*>** Figure 2 panels a
and b respectively show the transmission electron microscopy
(TEM) cross-sectional and perspective images of a five-fold
AgNW. Tensile tests were conducted for the AgNWs with
diameters ranging from 38 to 130 nm within a scanning
electron microscope (SEM) (see Methods). The measured
stress—strain curves are plotted in Figure 2c. Interestingly,
AgNWs of smaller diameters can harden more than larger ones.
The smallest wire of 38 nm in diameter hardens and achieves
an ultimate tensile strength of 4.8 GPa, while the largest wire of
130 nm in diameter shows limited hardening. These results are
in close agreement to the experimental results by Filleter et al.”®

The strain hardening behavior was quantified by fitting the
measured stress—strain data to the Ramberg—Osgood relation-
ship, which is commonly used for materials exhibiting a smooth
elastic—plastic transition. That is, the stress—strain curve is
described as a continuous function with three parameters, such
that the total strain is given by

c (0)(1/”)
E=—+\|—=
E H

where ¢ is strain, o is stress, E is Young’s modulus, and H and n
are constants. The first term on the right side of eq 1, 6/E, is
the elastic part of the strain, while the second term, (6/H)"/",
accounts for the plastic part; the parameters H and n
characterize the strain hardening behavior of the material.
Table 1 lists the fitting parameters of E, H, and n based on eq
1 for the experimental stress—strain data of five-fold twinned
Ag NWs with different diameters; the associated fitting stress—
strain curves are plotted in Figure 2c. The work hardening
exponent, n, decreases from 0.23 to 0.14 as the NW diameter
decreases from 130 to 38 nm, while Young’s modulus, E,
increases from 96 to 169 GPa correspondingly. The size
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Figure 2. Experimental results of the five-fold twinned AgNW. (a)
High-resolution TEM image of the nanowire cross section showing
twin variants of T1—TS5. Pre-existing defects (i.e., partials and stacking
faults) are observed close to the TBs. Inset shows the pentagonal
shape of the cross section. (b) High-resolution TEM image of the
nanowire showing the atomically rough surface, indicative of the
presence of surface defects such as steps. Inset shows the overall
morphology of the nanowire. (c) Measured stress—strain data

(symbols) for Ag NWs of various diameters with the Ramberg—
Osgood fitting curves (solid lines) based on eq 1.

dependence of Young’s modulus is consistent with the previous
work.>*#?3

The unique hardening behavior and its size dependence in
five-fold twinned AgNWs in experiments are conceivably
related to the presence of TBs, as they are not typically
observed in single-crystalline nanowires. But effects of the TBs
on hardening are not apparent from our experimental results
alone. Hence we performed MD simulations to investigate the
atomistic mechanisms controlling the size-dependent strain
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Table 1. Fitting Parameters for the Experimental Stress-
Strain Data Based on Equation 1

diameter (nm) n H (GPa) E (GPa)
38 0.14 8.89 169
42 0.16 3.85 160
5SS 0.15 4.24 125
96 0.19 4.05 105
130 0.23 2.44 96

hardening behavior in the five-fold twinned AgNWs. Figure 3
shows the atomic model used in our MD simulations. In Figure
3a, we present the cross-sectional view of a (110)-oriented
AgNW with the characteristic five-fold twinned structure. The
angle between two adjacent TBs in any relaxed twin variant
T1-TS is 70.5°. Hence the total angle of combining five
relaxed twin variants T1—TS about the central [110] axis is less
than the geometrical total of a regular pentagon by 7.5°.>® This
angular mismatch induces an elastic strain in the AQNW core.
Figure 3b displays a three-dimensional (3D) view of the atomic
structure of the five-fold twinned AgNW, with {111} TBs and
{100} free surfaces.

Figure 4a shows the MD tensile stress—strain curve of a
pristine five-fold twinned AgNW with diameter of 6.4 nm. At a
strain of about 0.1, the AgNW yields by the nucleation of
dislocations from the surface, resulting in an abrupt load drop.
The atomic configuration of the AgNW immediately after the
load peak is shown in Figure 4b. Each dislocation nucleation
site on the surface usually breeds two Shockley partial
dislocations of the (a/6){(112) type (where a denotes the
lattice constant). Such symmetric nucleation arises because
during tensile loading in the (110) direction there are two
equivalent (110){111} slip systems that are activated
simultaneously, as shown schematically in Figure 4f. After
surface nucleation, the Shockley partials glide toward the core
of the AgNW as marked in Figure 4b and shown in Figure 4e;
they are subsequently blocked by the TBs. This is under-
standably the unit dislocation process that contributes to the
macroscopic hardening of the AgNW. As the applied load
increases, the obstructed Shockley partial can transmit across
the TB into the adjacent twin variant, leaving a sessile
dislocation at the TB as circled in Figure 4c. These

nucleation—transmission events of partial dislocations are
repeated during continued deformation, producing a chain of
3D stacking defects, each of which extends across five twin
variants centered around the nanowire axis, as shown in Figure
4d.

The above MD results reveal the mechanism of TB-mediated
hardening in the five-fold twinned AgNW. However, the
corresponding stress—strain curve in Figure 4a does not capture
the strain hardening response as measured in our experiments
(Figure 2c). This discrepancy reflects a common shortcoming
of the MD simulations in producing stress—strain curves when
the model nanowire is pristine and free of defects. The absence
of the pre-existing defects results in a very high yield stress,
which is followed by a sharp load drop (Figure 4a) due to
spatially uniform nucleation of many dislocations nearly at the
same time. Moreover, the high stress at yielding tends to drive
the dislocations to transmit across the TB without contributing
much to hardening. Hence the MD results in Figure 4 as well as
in past works>~?” are representative of the whisker-like
behavior,' instead of the hardening of five-fold twinned
AgNWs as measured in experiments.

Strain Hardening and Size Effect. In order to study the
hardening behavior by MD, we introduced pre-existing defects
in the simulated five-fold twinned AgNWs. This was achieved
by preloading the AgNW plastically and then unloading it to
zero stress. During unloading, the majority of dislocations in
the five twin variants are annihilated at free surfaces, creating
surface defects such as steps, while a few of them are retained as
internal defects such as stacking faults within the nanowire bulk
and steps at the TBs. The strain at unloading was kept the same
for AgNWs of various diameters in order to produce
comparable densities of defects. In the experimental samples,
surface defects such as steps commonly exist as evidenced by
the atomically rough surface in Figure 2b, while internal defects
such as stacking faults and TB steps also exist as shown in
Figure 2a. Those surface and internal defects understandably
have lower activation stresses of dislocation nucleation than the
pristine part of the nanowire.” In other words, pre-existing
surface and internal defects break the axial symmetry of the
“pristine” five-fold twinned AgNW by introducing a statistical
distribution to the source strengths of dislocations, which can
arise due to different orientations and spacings of steps. Such

a
Diameter

Figure 3. Atomic structure of the five-fold twinned Ag NW. (a) Cross-sectional view, showing twin variants of T1 to TS. (b) Perspective view
depicting the [110]-oriented NW containing {111} twin boundaries (TBs) and {100} free surfaces.
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Figure 4. MD simulation results for the pristine Ag NW. (a) Stress—strain curve. (b—d) Atomic configurations of the points b, ¢, and d as marked in
the stress—strain curve in (a). (e) Cross-sectional view of the nanowire showing the dislocation nucleation in two equivalent [110]{111} slip
systems. (f) Schematic of the fcc unit cell showing the activation of the two equivalent [110]{111} slip systems (shaded triangles) for tensile loading

along [110] direction.

symmetry breaking in the “defective” AgNW promotes
sequential, spatially nonuniform dislocation nucleation under
loading,®* as opposed to collective, uniform nucleation in the
pristine AgNW. For a given diameter, the density of pre-
existing defects in MD could be controlled by unloading at
various strain levels during the postyield deformation.

Figure Sa shows the tensile stress—strain curves from MD
simulations for the defective AgNWs of diameters 10.8 and 15
nm, respectively. Table 2 lists the fitting parameters of E, H,
and n based on eq 1 for the MD stress—strain data; the
associated fitting stress—strain curves are plotted in Figure Sa.
The size dependence of E, H, and n is consistent between the
experimental and MD results, while the quantitative differences
in n and E between experiment and MD can be respectively
attributed to the much higher strain rates in MD and the
approximate nature of the interatomic potential for Ag. We
note that both AgNWs in MD simulations exhibit the
hardening behaviors, consistent with the experimental obser-
vations (Figure 2c). Significant hardening in defective AgNWs
contrasts with the negligible hardening in the pristine five-fold
twinned AgNWs in Figure 4a, thus demonstrating the
important effect of statistical variation of source strengths of
surface dislocations. In contrast, our MD simulations show very
limited hardening in prestrained single-crystalline AgNWs with
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pre-existing defects (see Figure S1 in Supporting Information);
in this case the nucleated dislocations are easily annihilated at
the surface due to the lack of stable hardening obstacles. This
comparison confirms the unique role of the vertical TBs in the
macroscopic hardening of the five-fold twinned AgNW.

To further understand the atomistic mechanisms underlying
the macroscopic hardening in the defective five-fold twinned
AgNWs, Figure Sb—e shows the side sectional view of the 10.8
nm diameter AgNW at various strain levels, as marked in Figure
Sa. Clearly, the zero stress state (Figure Sb) contains a number
of pre-existing defects both on the surface and in the bulk
unlike the pristine five-fold twinned AgNW in Figure 4b. The
initial nonlinear stress—strain response is primarily governed by
dislocation nucleation at the surface steps with relatively low
activation stresses. Figure Sc shows the surface-nucleated
dislocations inside the deformed AgNW. However, the rate of
surface nucleation and the resultant rate of stress relaxation are
still relatively low. Moreover, the nucleated dislocations are
mostly blocked by TBs, resulting in the back stresses to resist
against the continued operation of surface dislocation sources.
As a result, the pronounced strain hardening ensues. When the
tensile load increases to around point d in Figure Sa, the rate of
surface dislocation nucleation becomes high and the TB-
obstructed dislocations can often cross-slip into adjacent twin
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Figure S. Size-dependent hardening behavior from MD simulations. (a) Stress—strain curves for the tensile loading of defective five-fold twinned Ag
NWs of 10.8 and 15 nm in diameter, respectively. The red and blue curves are the MD data, while the black curves are the Ramberg—Osgood fitting
based on eq 1. (b—e) Atomic configurations of the 10.8 nm diameter NW at various strain levels as marked in (a). The onset of necking is marked by

pink brackets in (e).

Table 2. Fitting Parameters for the MD Stress-Strain Data
Based on Equation 1

diameter (nm) n H (GPa) E (GPa)
10.8 0.12 5.32 108
15 0.27 6.70 85

variants (Figure Sd), so that the hardening rate (ie., the slope
of the stress—strain curve) is reduced. At point e, the
dislocation activity starts to be confined into a narrow portion
of the AgNW that subsequently leads to necking and ductile
failure, as marked in Figure Se.

The simulated stress—strain curves in Figure Sa also capture
the size/diameter dependent strength and hardening in five-
fold twinned AgNWs, consistent with the experimental results
in Figure 2c. Namely, thinner AgNWs achieve higher strength
and more hardening that leads to higher tensile ductility. Since
TBs in the five-fold twinned AgNW play a similar role of
obstructing dislocations as grain boundaries in bulk polycrystal-
line metals, the size-dependent strength in AgNWs can be
attributed to the characteristic smaller-is-stronger size effect in
the nanoscale. Specifically, as the diameter of the AgNW
decreases, the effective distance between the surface dislocation
source and the TB decreases. Such size reduction can lead to
strong interactions between the TBs and surface dislocation
sources, which are facilitated by the back stresses generated by
the TB-obstructed dislocations. Hence, the higher strength in
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the smaller AQNW can be attributed to the relatively high
stresses required to sustain the operation of surface dislocation
sources, which is also responsible for the high hardening rate in
the smaller AgNW. The high hardening rate can delay the onset
of necking, thereby promoting the tensile ductility,* which is
consistent with both the experimental and MD results.

Necking and Fracture. The final stage of tensile
deformation of five-fold twinned AgNWs involved the onset
and growth of necks. Such localized deformation eventually
concentrated to one neck, leading to the fracture of the AgQNW.
Figure 6 shows the necking behavior of two AgNWs with the
respective initial diameters of 6.4 and 10.8 nm, close to their
failure point. Both AgNWs are 34.7 nm long. Interestingly, the
smaller wire in Figure 6a exhibits several local necks along its
length, while the larger wire in Figure 6b,c exhibits only a single
neck. The development of multiple necks in the smaller wire
indicates that the growth of the neck can become difficult
owing to the local hardening induced by the TBs.
Consequently, the plastic deformation tends to be delocalized,
resulting in multiple necks. Such multiple-necking mode in five-
fold twinned AgNWs has been observed by Filleter et al.** in
experiments. They measured the number and the length of the
necks (which they referred to as “plastic zones”) as a function
of the AgNW diameter and found that the number of necks
decreased and the length of the neck increased with increasing
nanowire diameter. Our MD results lend a direct proof for the
size-dependent multiple necking behavior.

DOI: 10.1021/acs.nanolett.5b01015
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Figure 6. Deformation via multiple necking and ductile failure. (a) A MD snapshot showing the formation of multiple necks in a deformed AgNW
with initial diameter of 6.4 nm. MD snapshots are also shown for (b) the formation of a single neck in a deformed AgNW with initial diameter of
10.8 nm and (d) subsequent fracture in the necked region with a high density of dislocations. (d) TEM image of dislocations near the fracture
region. (e) TEM image showing the cross slip of the Shockley partial across the TB. (f) TEM image showing dislocation activity in the two

equivalent [110]{111} slip systems.

As mentioned earlier, the AgNW failed by necking at one of
the necks in both the experiment and MD. Figure 6d shows the
post-mortem TEM image of the failure region. The rounded
fracture surface is characteristic of the ductile rupture resulting
from the dislocation shear-induced thinning of the AgNW. This
is in contrast to the flat brittle-like fracture surface reported by
Filleter et al*® Figure 6e shows that a high density of
dislocations can be seen near the fracture surface, while the
portions of the nanowire away from the fracture surface have a
lower dislocation density. This is consistent with our MD result
as shown in Figure 6c. High-resolution TEM imaging of the
failure surface also revealed direct evidence for the cross-slip of
the Shockley partials at the TB (Figure 6e), as observed in our
MD simulations (Figure 4b—d). Figure 6f shows the slip
activity in the two equivalent [110]{111} slip systems, as
revealed by MD in Figure 4e,f. These results demonstrate the
direct correlation between our experimental and MD results.

Role of Pre-existing Defects. Recall that our MD results in
Figure Sa depicting hardening were obtained for defective five-
fold twinned AgNWs, while the MD results in Figure 4a shows
that pristine AgNWs did not exhibit hardening. Such a
difference indicates that plastic deformation in AgNW is
strongly dependent on the density of pre-existing defects such
as surface steps. The critical role of pre-existing defects on the
plasticity of nanostructures have previously been underscored
in the studies of deformation of prestrained Au nanopillars,*
single-crystalline Au nanowhiskers'* and Cu nanowires.”
Essentially, the strain hardening behavior in the deformation
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experiment at a fixed loading rate is controlled by the interplay
between the elastic strain rate (tends to increase the stress) and
the plastic strain rate (tends to lower the stress), the latter of
which is dictated by the dislocation nucleation rate in small-
volume materials.”**

In order to understand the hardening behavior of the AgNW
as a function of the density of the pre-existing defects, we
simulated three samples (diameter of 10.8 nm) with different
initial pre-existing defect densities of surface steps, as shown in
Figure S2 (Supporting Information). The desired defect
densities p were achieved by varying the strain level at which
the nanowire was unloaded. The tensile stress—strain curves for
these three AgNWs are compared in Figure S2a of Supporting
Information with the corresponding side sectional views of the
initial states shown in Supporting Information Figure S2b—d.
The stress—strain curves show that the AGNW with the smaller
defect density (Supporting Information Figure S2b) hardens
more and achieves higher ultimate tensile strength than the
other two AgNWs with higher defect densities (Supporting
Information Figure S2c,d). The AgNW with the least defect
density produces the least amount of surface dislocations to
plastically relax the system. As a result, the stress in this AgGNW
is the largest, when the same tensile strain is attained in three
AgNWs. This result underscores the critical role of pre-existing
defect density in influencing the hardening behavior and the
ultimate tensile strength of the five-fold twinned AgNW.

Finally, we comment on the difference in the amount of
remnant dislocations after unloading between the recent
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experimental reports®®®' and the present MD simulations,

which is primarily caused by the different tensile strains apPIied
before unloading. In the strain recovery experiments,*>”" the
applied strains were small, typically less than 2—39%. In contrast,
our MD simulations allow the strain-controlled loading and the
nanowires are not very long, such that large strains up to ~10%
can be applied without necking instability. As a result, there are
more dislocations nucleated during loading and accordingly
more remnant dislocations after unloading. It should be noted
that due to the high strain rate in MD (~10" s to 10° s7!),
more remnant dislocations are needed to act as pre-existing
defects during subsequent loading in order to bring out the
pronounced strain hardening behavior. In contrast, less pre-
existing defects usually exist in real samples. But the low loading
rates (~107"/s or 1.5 X 1073/s) in the experiments give the
nanowire more time to nucleate the sufficient amount of
dislocations necessary for the measurable strain hardening
response.

Conclusion. We have studied the unique strain hardening
behavior of five-fold twinned AgNWs using a combined
experimental and computational approach. Both our experi-
ments and MD stimulations showed the strain hardening in
five-fold twinned AgNWs, not exhibited by single-crystalline
nanowires or other nanostructures. Smaller wires hardened
significantly and achieved higher ultimate tensile strength than
the larger ones. Such hardening response and size effect were
shown to be caused by the effective obstruction of surface
nucleated dislocations by TBs. Our MD simulations further
revealed the important role of the statistical variation of source
strengths of surface-nucleated dislocations in the small-sized
nanostructures. Overall, this work reveals the mechanistic
underpinnings of strain hardening in metallic nanostructures by
coherent TBs and points to possible routes of enhancing the
tensile ductility by engineering the internal interfaces and
defects.

Methods. Experiment. Tensile tests were performed using
an in situ SEM nanomechanical testing up at the strain rate of
~10_1/s.36 An individual NW was clamped on a nano-
manipulator tip and an atomic force microscopy (AFM)
cantilever using electron beam induced deposition of carbona-
ceous materials in the SEM. The force was applied using the
nanomanipulator (Klocke Nanotechnik, Germany) on one side
of the freestanding NW and was measured on the other side
using the AFM cantilever. A series of SEM images were taken
during the tension tests; the NW strain was measured by digital
image correlation of the SEM images. Pentagonal cross-section
was used in calculating the stress.

Modeling. MD simulations were performed using
LAMMPS.*” We employed a recent embedded atom method
(EAM) potential of Ag developed by Williams et al.** Stacking
faults, twin boundaries, and surfaces are visualized by colorin
the atoms based on their centro-symmetry parameters.’
Tensile tests were conducted on the model AgNWs at 10 K
and a strain rate ranging from 10’ to 10° s™". Periodic boundary
conditions were applied along the [110] axial direction and the
lateral free surfaces were fully relaxed.
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