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ABSTRACT

Mechanical properties of glassy nanowires have been intensively investigated recently by both nanomechanical experiments and atomic-level
simulations. Unfortunately, there exists a huge gap in the strain rate of the nanomechanical tests between experiments and simulations,
which makes it difficult to compare results even for the same material system. Using accelerated atomistic simulations based on a self-
learning metabasin escape algorithm, here, we report the tensile mechanical properties of amorphous Stillinger–Weber silicon nanowires
with different intrinsic ductility under strain rates ranging from 1010 to 10−1 s−1. It is found that both brittle and ductile glassy silicon nano-
wires display weakened strength with a decreasing strain rate, in agreement with the cooperative shear model. Moreover, as the strain rate
decreases, the amount of plasticity remains unchanged for the brittle nanowires, yet it decreases for the ductile ones. Such deteriorated plas-
ticity in ductile glassy nanowires is caused by enhanced strain localization at low strain rates. Lastly, we show that via the distance matrix of
nonaffine displacement, a more hierarchical potential energy landscape is responsible for the higher strain localization propensity in ductile
silicon glassy nanowires.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060136

INTRODUCTION

Amorphous nanowires have drawn great attention in past
decades due to their promising applications in the fields of energy,
optics, nanoelectronics, and engineering.1–5 Among the various
attractive material properties of glassy nanowires, their mechanical
properties are under intensive investigations as mechanical integrity
is a prerequisite to fulfill other functionalities.6–10 Although gener-
ally exhibiting zero ductility under unconstrained loading condi-
tions in the bulk form, both metallic and oxide glasses were
recently reported to display substantial tensile ductility at the nano-
scale,11,12 depending on the intrinsic ductility,13,14 sample size,15–17

or surface conditions.11,18

One particularly intriguing puzzle is how the applied strain
rate affects deformation mechanisms and, thus, the mechanical
properties of glassy nanowires.19,20 Solutions to this puzzle will
not only deepen our understanding of dynamics of local plastic

events21–24 but may also open new windows for glasses in emerg-
ing devices such as nanoresonators and nanoswitches.25–27

Traditionally, to explore the rate-dependent mechanical response
of glass nanowires, both high-strain-rate molecular dynamics
simulations28–32 (mostly > 108 s−1) and low strain-rate experimental
nanomechanical tests7,12,33,34 (mostly < 100 s−1) were used. However, a
huge gap in the timescale between simulations and experiments often
leads to discrepancies in understanding the plasticity of glass nano-
wires, especially when the deformation mechanism is largely strain rate
dependent.35,36 Particularly, recent simulations28,30 and theories37 show
that a higher strain rate promotes plastic deformation, while experi-
ments12,33 reveal that a higher strain rate hinders plastic events in
glassy nanowires. In addition, the differences in both the sample size
and the intrinsic ductility of glasses may also contribute to the incon-
sistency. Therefore, a complete understanding requires conducting
mechanical tests covering timescales over ten orders of magnitude for
glassy nanowires with controllable intrinsic ductility and sample size.
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Recently, substantial progress toward experimental timescales
has been made via conducting accelerated atomistic simulations
including the activation-relaxation technique,38 the dimer method,39

hyperdynamics,40 temperature accelerated dynamics,41 and the auton-
omous basin climbing (ABC) method.42,43 Particularly, a novel
atomic simulation technique, called the self-learning metabasin
escape (SLME) algorithm, has demonstrated its capability in conduct-
ing mechanical tests at experimental timescales.44–46Encouragingly,
this technique has been successfully applied to reveal the strain-rate-
dependent ductile to brittle transition in bicrystalline nanowires,47 to
understand the mechanisms of creep in glasses at experimental time-
scales,48 and to uncover the interplay of stress-activation and thermal-
driven local rearrangements inside glasses under shear strain rates
spanning ten orders of magnitude.49

Using the SLME technique, we conducted accelerated atomis-
tic simulations under a tensile strain rate from 1011 to 10−1 s−1 for
two model amorphous silicon nanowires (one nanowire is intrinsi-
cally ductile, while the other is intrinsically brittle). We analyzed
the strain-rate-dependent strength, yield strain, and plasticity for
brittle and ductile glasses, as well as the underlying atomic-level
deformations mechanisms. Particularly, we observed an intrinsic
difference in the strain-rate dependence of plasticity between brittle
and ductile nanowires, which is owing to their difference in hierar-
chies of their potential energy landscape (PEL).

SIMULATION METHODOLOGIES

Classical molecular dynamics simulations

We carried out classical molecular dynamics (CMD) simula-
tions in LAMMPS package50 using the Velocity–Verlet algorithm
integrated with a time step of 1 fs. To control the pressure and tem-
perature of the glassy systems, both Nose–Hoover barostat and
thermostat51,52 were used.

Model amorphous silicon systems were studied here, in which
the particle interactions are defined by the Stillinger–Webber (SW)
potential.53 To investigate the strain-rate effect on the mechanical
response of both ductile and brittle glassy nanowires, we tuned the
prefactor λ of the angular interaction following the previous strat-
egy.14,54,55 Notably, the higher the λ value is, the stronger the bond
angle constraint is, and the more brittle the model amorphous
silicon behaves. Here, we used λ ¼ 25 and λ ¼ 33 to mimic the
mechanical behavior of ductile and brittle glasses, respectively.
To prepare the glass nanowires, we first quenched bulk glass
samples from high temperature melt (5000 K) to room temperature
(300 K) at a cooling rate of 5 K/ps under zero pressure. Nanowires
were then directly cut from the bulk samples and relaxed at room
temperature for ∼0.5 ns. The final sample size of the nanowires is
∼4 nm in diameter and 13 nm in length (consisting of ∼8000 Si
atoms). To investigate the mechanical properties of the nanowires,
uniaxial tension tests with strain rates ranging from 1010 to 106 s−1

were applied along the axial direction using classical MD simula-
tion methods. Periodic boundary conditions were applied along the
axial direction during uniaxial tension tests, while 1 nm vacuum
was added in the lateral dimensions to avoid the interactions
between a nanowire and its periodic images. The visualization soft-
ware OVITO56 was used to generate simulation snapshots and

animations and calculate the local atomic strain based on the
method proposed by Falk and Langer.57

Accelerated atomistic simulations

We carried out accelerated atomistic modeling using the
recently developed SLME algorithm by Cao et al.,44 which is a
modified and more computationally efficient version of the ABC
method originally proposed by Yip and co-workers.42,58

Specifically, the SLME algorithm employs a self-generated and self-
reconstructed penalty function to assist the system escaping from a
given local energy basin on the PEL; hence, the transition pathways
with high activation energy barriers (Q0) can be explored.
Therefore, the mechanical properties under strain rates in the range
of conventional mechanical testing experiments can be reached,
which is not accessible in CMD simulations.59,60

Following the previous publications,44,47 the procedure of
accelerated atomistic simulation is briefly described below. We first
applied a small tensile strain increment of 0.0001 to the sample
and then conducted the steepest descent energy minimization61 to
bring the system to the nearest local minimum. Next, the activation
trajectories starting from this local minimum were sampled by the
SLME algorithm.44 Once an activation barrier is greater than a pre-
scribed barrier Q0, the sampling along this candidate trajectory fin-
ishes. Thus, we can identify a series of local energy minima and
saddle points where the transition-state trajectories are generated.
Finally, the activation pathway and the corresponding local
minimum of choice under the strain increment are determined
based on the Metropolis algorithm.62 We repeated the above proce-
dure using a constant barrier Q0 until the final fracture occurred
such that the imposed strain rate can be kept constant. Note that
to conduct a lower strain-rate test, a higher Q0 is required, given
that the direct connection between activation potential energy bar-
riers (Q0) and strain rates is made using the transition-state
theory47,49,63,64 as shown below:

_ε ¼ _ε0exp � (1� a(T))*Q0

kBT

� �
, (1)

where kB and T are the Boltzmann constant and temperature,
respectively, while _ε0 and a(T) are the characteristic strain rate
and fitting constant between activation potential energy and activa-
tion free energy, respectively.

Figure 1 shows that the mechanical properties of brittle and
ductile glassy nanowires from SLME and CMD simulations are
generally consistent within the strain rates accessible by the CMD.
By comparing the ultimate tensile strength from CMD and SLME
simulations, _ε0 and a(T) of the brittle and ductile glasses were cal-
culated to be 2.5 × 1010 s−1, 0.990 and 1.28 × 1011 s−1, 0.993,
respectively.

RESULTS

By conducting accelerated atomistic simulations based on the
SLME algorithm, we first systematically investigated the tensile
response of the brittle and ductile glassy nanowires under strain
rates spanning over ten orders of magnitude. For the brittle nano-
wire ( λ ¼ 33) shown in Fig. 2(a), both the ultimate tensile strength
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FIG. 1. Stress–strain curves from accelerated atomistic simulations (SLME) and classical molecular dynamics (CMD) for (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25)
glassy nanowires.

FIG. 2. Tensile stress–strain curves of (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25) glassy nanowires under different loading rates from accelerated atomistic simulations
based on the SLME algorithm. Potential energy (PE) as a function of strain for (c) brittle and (d) ductile glassy nanowires under different loading rates.
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(UTS) and the failure strain reduce, while Young’s modulus stays
roughly the same as the applied strain rate decreases from 5 × 109

to 8 × 10−1 s−1. The strain rate dependency of various mechanical
properties will be shown and discussed later in this section. In
addition, serrations in the stress–strain curves become more visible
as the strain rate reduces, which indicates an increase in the degree
of strain localization.65,66 Under the same amount of strain, the
potential energy (PE) in Fig. 2(c) decreases slightly as the strain
rate reduces, suggesting that a lower energy part of the PEL is
sampled.

As for the ductile glass (λ ¼ 25), both the UTS and the failure
strain also decrease when the applied strain rate reduces from
1.3 × 1011 to 1.8 × 100 s−1, as shown in Fig. 2(b). Before the UTS is

reached, the ductile nanowires exhibit more obvious serrations with
a reducing strain rate as compared with their brittle counterparts.
Similar to the brittle glass, more stable inherent structures in the
PEL are sampled at lower loading rates, indicated by the lower PE
values shown in Fig. 2(d).

To further understand the deformation behavior of the brittle
and ductile nanowires over such a broad strain rate range, we calcu-
lated the atomic shear deformation of samples under representative
strain rates, as shown in Fig. 3. In terms of plastic behavior, the
local shear deformation inside the brittle nanowires becomes
more heterogeneously distributed as the strain rate decreases, as in
Fig. 3(a). Likewise, a noticeable strain localization behavior is also
observed in the ductile samples, as shown in Fig. 3(b).

FIG. 3. Deformation snapshots and failure morphologies at selective strain rates for (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25) glassy nanowires. Atoms are color coded
based on their local shear strain.
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This pronounced strain localization behavior seems to be the origin
of deteriorated mechanical properties, which will be discussed in
detail later. In terms of the final failure modes of the glassy nano-
wires, the brittle nanowires change from shear fracture to cleavage
as the strain rate decreases. The shear fracture creates more surface,
hence requiring high enough stored elastic energy, which is possible
at the highest loading rate. In contrast, fracture is preceded by
necking instead of shear banding in the ductile nanowires
regardless of the loading rate. The necking behavior in the ductile
nanowires is due to the small sample size, which has been revealed
in both simulations and experiments.16,18

Next, we systematically calculated the various mechanical
properties of the brittle and ductile nanowires under different
strain rates. As shown in Fig. 4(a), Young’s modulus of both brittle
and ductile glassy nanowires calculated from accelerated atomistic
simulations (SLME) decreases very slightly with a decreasing strain
rate. Within the strain rates accessible to CMD simulations, the
computed Young’s modulus is well comparable with the SLME
results. Poisson’s ratio of the brittle glass is lower than that of the
ductile nanowires, as seen in Fig. 4(b). This is reasonable, as
Poisson’s ratio was found to be a good indicator of the intrinsic
ductility of glassy materials.13,67 As an elastic property, Poisson’s
ratio of both brittle and ductile nanowires is not sensitive to the
strain rate. Figures 4(c)–4(d) show that the yield strength and the
UTS both decrease as the strain rate decreases. The strain-rate sen-
sitivity (m) can be computed with the following equation:7,68

m ¼ @lnσ
@ln _ε

: (2)

In terms of the yield strength, m for brittle ( λ ¼ 33) and
ductile ( λ ¼ 25) nanowires equal to 0.0085 and 0.0267, respec-
tively. Meanwhile, the m of the UTS for the brittle and ductile
samples are 0.0168 and 0.0235, respectively. Therefore, the ductile
nanowire displays a much higher sensitivity with respect to the
strain rate. The apparent activation volume (V*) at the point of
yielding can also be computed:7,69

V *¼kBT
@ln _ε
@σ

, (3)

where kB and T are the Boltzmann constant and temperature,
respectively. The V* at the yield point of the brittle nanowire is cal-
culated to be 66.17 Å3, which is almost twice that of the ductile
nanowire (V *¼ 36:96A

� 3
). The higher activation volume requires a

larger population of cooperatively rearranged atoms for plastic
deformation, which inhibits shear flow in the brittle glass, resulting
in its intrinsic brittleness. At the UTS, the V* of the brittle and
ductile nanowires is reduced to 27.53 and 26.99 Å3, respectively,
presumably due to the loss of structural stability caused by
stress-induced softening. In addition, the yield strength is fitted
with the cooperative shear model29,70,71 below, and the fitting con-
stants can be found in Table I,

σ ¼ σ0 1� kBT
WTg

GT

GTg

ln
w0
0

_ε

� � !2
3

0
@

1
A, (4)

where σ0 is the yield strength without thermal activation, WTg is
the activation energy barrier at glass transition temperature (Tg)
and depends weakly on temperature below Tg,

GT
GTg

is the ratio of
shear modulus at room temperature and Tg, hence close to be unit
when omitting thermal expansion, and w0

0 is a fitting constant
related to the critical frequency of shear phonons.

It is shown that the activation energy barrier for yielding
(WTg ) in the ductile nanowire is less than one third of that of
the brittle one; thus, the former can be more easily deformed
under loading conditions. Meanwhile, the activation energy
barrier for yielding in the model brittle and ductile nanowires
investigated here generally agrees with previous estimations
for silica glass (WTg � 12� 10�19 J)72 and metallic glasses
(WTg � 12� 10�19 J),29 correspondingly.

We then analyzed the rate-dependent deformation behavior of
nanowires by calculating the yield strain and the failure strain.
As shown in Fig. 4(e), the yielding occurs earlier when the applied
strain rate is reduced for both brittle and ductile nanowires.
Note that the yield strain of the ductile glass significantly reduces
(from ∼7% to ∼3%), while only slightly decreasing in the brittle
glass (∼8% to ∼7%) with the decreasing strain rate. Figure 4(f )
shows that the failure strain of both brittle and ductile nanowires
generally reduces as the strain rate decreases from 1010 to 100 s−1.
From the failure strain, we computed the rate-dependent plasticity
by subtracting the elastic strain, as shown in Fig. 4(g), which is the
UTS divided by Young’s modulus. Interestingly, the plasticity in
the brittle glass is only ∼2% and remains unchanged with the
strain rate spanning over ten orders of magnitude. In contrast, the
plastic deformation inside the ductile nanowires gradually reduces
from ∼10% to ∼6% as the strain rate decreases from ∼1011 to
100 s−1. Therefore, there is an intrinsic difference between brittle
and ductile nanowires with respect to the rate-dependent yielding
and plasticity, which deserves further elucidation. Note that, within
the timescale accessible to CMD simulations, the general agreement
in mechanical properties from SLME and CMD lends support to
the reliability of accelerated atomistic simulations.

DISCUSSION

Here, we aim to illustrate the atomic-level events underlying
the intrinsic difference in rate-dependent yielding and plasticity in
the brittle and ductile glassy nanowires as observed above. We first
carried out cluster analysis to identify the severely rearranged
atoms in the process of plastic deformation. Although the cluster
statistics may depend on the sample size, data presented here are
still valuable, given the fact that we are using exactly the same size
for all nanowires.

Figure 5 shows the distribution of severely deformed clusters
at a given engineering strain (6%) in the brittle and ductile nano-
wires from high to low strain rates. The population of severely
deformed clusters increases as the loading rate reduces, which is
more pronounced for the ductile nanowires. We further investi-
gated the evolution of clusters during the plastic deformation by
calculating the largest cluster size and the number of clusters.
As depicted in Fig. 6(a), the largest cluster size in the brittle nano-
wires changes slightly with the applied strain and mostly contains
∼50 atoms in size. Upon fracture, the largest cluster size jumps
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FIG. 4. (a) Young’s modulus (E), (b) Poisson’s ratio, (c) yield strength (σy ), (d) the ultimate tensile strength (UTS), (e) yield strain (εy ), (f ) failure strain (εf ), and (g) plas-
ticity of brittle (λ ¼ 33) and ductile (λ ¼ 25) glassy nanowires as a function of the strain rate from SLME and CMD. The solid lines are fitted to the cooperative shear
model.70 The dashed lines merely serve as a guide to the eye.
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abruptly due to the creation of free surfaces, which echoes the brit-
tleness of the tested nanowires. In contrast, under the same loading
rate, the largest cluster size in the ductile nanowires increases grad-
ually in response to incremental strain, as illustrated in Fig. 6(b).
Regardless of the strain rate, the largest cluster contains ∼1000
atoms, indicating the occurrence of percolation in the ductile nano-
wires. Note that fracture will not occur promptly after the percola-
tion of severely deformed clusters, leading to the intrinsic ductile
behavior of the sample.

Next, we computed the number of clusters as the deformation
evolves under tension at different loading rates. The population of
severely deformed clusters inside the brittle nanowire was found to
remain nearly unchanged, as shown in Fig. 6(c). In contrast, the
highly deformed clusters inside the ductile nanowire display

significant and consecutive multiplication behavior toward necking,
as the number of clusters gradually increases with the strain, as
shown in Fig. 6(d). Once necking occurs, the number of clusters,
therefore, decreases sharply. Taken together, as compared with the
brittle nanowire, the ductile sample displays a more pronounced
strain localization with a reducing strain rate, thus leading to a
more apparent reduction in yield strain and plasticity. The intrinsic
difference in atomic-level plastic events, especially the rate-
dependent localization behavior, in turn, leads to the difference in
the mechanical response of the brittle and ductile nanowires at
varying strain rates.

Finally, to build the connection between atomic-level deforma-
tion behaviors with the sampling of the PEL, we computed the
nonaffine displacement matrix (NaDM), which is defined below
following the previous publication:49

Δ2(ε0, ε00) ¼ 1
N

XN

i
jRi(ε

00)� F(ε0, ε00)Ri(ε
0)j2, (5)

where Ri(ε0) is the position of atom i at tensile strain ε0 and the
deformation gradient tensor F(ε0, ε00) is related to the linear affine
transformation from ε0 to ε00. Here, the NaDM essentially measures
the average squared nonaffine displacement for the entire sample at
a strain interval from ε0 to ε00 so that any barrier crossing events as
well as the corresponding transition pathways in the process of

TABLE I. Parameters in the cooperative shear model from fitting to SLME results.

σ0/GPa
kBT
WTg

GT
GTg

WTg /J w0
0/Hz

Brittle sample
(λ = 33)

9.193 0.004 9.423 × 10−19 7.568 × 1013

Ductile sample
(λ = 25)

5.951 0.014 2.927 × 10−19 1.504 × 1013

FIG. 5. Distribution of severely deformed clusters under
6% strain at different strain rates for (a) brittle (λ ¼ 33)
and (b) ductile (λ ¼ 25) glassy nanowires. The clusters
are identified with the atomic shear strain. For each
sample, the clusters are color coded based on the cluster
size from ∼150 (the largest cluster) to 2 (the smallest
cluster).
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mechanical deformation can be identified. In addition, by using the
position matrix R of the inherent structures73 as we did here, any
explored local basins and saddle points can be recorded and the
sampled PEL can be depicted. For instance, if the system is located
in the same basin on the PEL during pure elastic deformation, the
calculated NaDM would be close to zero. In contrast, when the
system experiences frequent barrier crossings among different local
basins on the PEL in the process of plastic deformation, the com-
puted NaDM would be more noticeable. These barrier crossing
events are mainly driven by the applied stress since the tensile tests
are conducted at room temperature that provides negligible thermal
activation to the system.

To understand how the sampling of the PEL changes with the
applied loading rate, we calculated the NaDM for both brittle
and ductile glassy nanowires at selective strain rates, as shown in
Fig. 7. One can see that the clustering of darkly shaded (blue)
squares dominates in the graph at the high loading rate
( _ε � 1010–1011s�1), which suggests that the barrier crossing events
are not widely activated in both brittle and ductile glasses.

Specifically, both glasses reside in the same local basin on the PEL
under the current strain interval; hence, the deformation is mostly
elastic, which is consistent with the results shown in Fig. 2. At an
intermediate loading rate ( _ε � 106s�1), the NaDM for both brittle
and ductile glasses exhibits a hierarchical structure with small dark
(blue) squares embedded in lightly shaded large squares. Note that
the dark squares are bridged with lightly shaded or red squares,
which is related to transitions among different inherent structures.
Therefore, the PEL of both brittle and ductile glasses investigated
here displays a fractal-like nature, similar to the observations in a
previous report on metallic glasses.49 With a decreasing strain rate,
the local basin transitions on the PEL as indicated by block-
to-block crossings are more frequently observed, especially for the
ductile glassy system. At the lowest strain rate ( _ε � 100s�1), the
NaDM for the ductile and brittle glasses looks significantly differ-
ent, where the size of the dark clusters is much smaller in the
ductile sample. This suggests that the ductile glass experiences
more frequent barrier crossing events on the fractal PEL during
tensile deformation, resulting in a more severe rearrangement of

FIG. 6. The largest cluster size as a function of tensile strain under different loading rates for (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25) glassy nanowires. The number
of clusters as a function of tensile strain under different loading rates for (c) brittle (λ ¼ 33) and (d) ductile (λ ¼ 25) glassy nanowires.
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atoms and, thus, earlier yielding behavior. Therefore, the smaller
yield strain in ductile glass over the applied strain-rate regime is
due to the higher likelihood for the system to escape from a meta-
basin. In addition, the more frequent basin transitions on the PEL
with reducing the strain rate are also responsible for the more
apparent reduction in the yield strain and plasticity in the ductile
glass, as shown in Figs. 4(e) and 4(g).

The contrast in the NaDM for the ductile and brittle systems
signifies an intrinsic difference in the hierarchical structure of their
PEL. To further characterize the hierarchy of the visited landscape,
we computed the average squared nonaffine displacement (ASNaD)
following the previous publication49 as defined below:

δ2(ε, ξ) ¼ Δ2(ε, εþ ξ): (6)

This corresponds to the quantity along the diagonal of the
NaDM over a strain lapse ξ at strain ε. Note that the ASNaD com-
puted here can, in fact, be used to depict the structure of one-
dimensional PEL along the sampling direction.

As shown in Figs. 8(a) and 8(b), the ASNaD changes from
small peaks to medium peaks embedded with large peaks when the
strain rate decreases for both brittle and ductile glasses. Here, the

peak heights are closely related to the activation energy barriers for
the local transitions. The small peaks (height < 0.01) stem from the
localized barrier crossing events, where only a few atomic-level
plastic events are involved, as shown in Fig. 8(c). The medium and
high peaks (height > 0.1) originate from a series of barrier crossings
and even metabasin escaping events on the PEL, where more pro-
nounced atomic rearrangements are involved, as seen in Fig. 8(d).
Those barrier crossing and metabasin escaping events are prevalent
in the ductile glass, thus indicating a more complex hierarchical
structure of the PEL. Based on the ASNaD at the lowest strain rate,
we depicted and compared the PEL of the brittle and ductile glasses
along the sampling direction, as in Fig. 9. Particularly, we reveal that
the metabasins in the ductile glass are rougher (consisting of many
small minima), narrower, and shallower, making it easier to trigger
atomic rearrangements and plastic deformation. As for the brittle
glass, the metabasins on the PEL are smoother, wider, and deeper,
giving rise to higher activation energy barriers that inhibit plastic
deformation. In other words, for a glass with a more hierarchical
PEL, the system has a higher probability to explore more minima on
the PEL with a reducing strain rate, which increases the propensity
of strain localization. Therefore, the intrinsically different rate-
dependent yielding and plasticity of the brittle and ductile glasses

FIG. 7. NaDM Δ2(ε0 , ε00) for inherent structures visited sequentially under tension in (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25) glassy nanowires at different strain rates.
The color coding is based on the NaDM values calculated in Eq. (5).
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FIG. 8. ASNaD of (a) brittle (λ ¼ 33) and (b) ductile (λ ¼ 25) glassy nanowires at three representative strain rates. The green and blue curves are shifted upward by 0.1
and 0.2, respectively, for clarity. A zoom-in of the red curve in the low strain range is shown as insets in (a) and (b). Spatial distributions of severely deformed clusters for
barrier crossing events under a given strain [indicated by a yellow arrow in (a) and (b)] at two extreme strain rates for (c) brittle and (d) ductile glasses. The color coding is
based on the nonaffine deformation (D2). Atoms with low D2 are set to be transparent for clarity.

FIG. 9. Schematics of a 1D fractal
PEL with strain rate determined barrier
crossing events for (a) brittle (λ ¼ 33)
and (b) ductile (λ ¼ 25) glasses.
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originate from the distinct hierarchy of their fractal PEL. The fractal
PEL depicted here can be very useful for understanding the intrinsic
brittleness/ductility of glassy materials.

CONCLUSIONS

Using accelerated atomistic simulations based on the SLME
algorithm to access timescales close to experiments, we systemati-
cally studied the strain-rate-dependent mechanical properties and
uncovered the underlying deformation mechanisms of brittle and
ductile silicon glassy nanowires under strain rates spanning over
ten orders of magnitude. While the yield strain and the plasticity of
brittle nanowires remain almost unchanged, they noticeably
decrease with reducing the strain rate in ductile nanowires due to
the high-strain localization propensity resulting from the more
hierarchical potential energy landscape. Our study provides valua-
ble insights into understanding the intrinsic ductility of glassy
materials, which is of critical importance for applications in emerg-
ing devices such as nanoresonators and nanoswitches.
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