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Abstract

Understanding the dynamics of shear band propagation in metallic glasses remains elusive
due to the limited temporal and spatial scales accessible in experiments. In micron-scale molecular
dynamics simulations on two model metallic glasses, we studied the propagation of a dominant
shear band under uniaxial tension with a macroscopic strain of 3-5%. For both materials, the shear
band can be intersonic with a propagation speed exceeding their respective shear wave speeds. The
propagation exhibits intrinsic instability that manifests itself as microbranching and considerable
fluctuations in velocity. The shear strain singularity ahead of propagating shear band tip scales as
1/r (r 1s the distance away from the tip), independent of the macroscopic tensile strain. In addition,
we studied the intersection of two shear bands under uniaxial tension, during which path
deflection, speed slowing-down, and temperature rise at the junction region were observed. The
dynamics of propagating shear band shown here indicate that shear band in metallic glasses can

be viewed as shear crack under the framework of weakly nonlinear fracture mechanics theory.
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1. Introduction

Metallic glasses (MGs) are emerging structural materials and possess unique combination
of mechanical properties and corrosion resistance [1-3]. Macroscopic metallic glasses normally
have a universal yield strain of around 2% at room temperature [4], which is very high as compared
to crystalline metal alloys. At micron- or sub-micron scale [5], the yield strain can be further
enhanced to 5%, approaching the theoretical limit [6]. One major drawback of metallic glasses is
the very limited tensile ductility due to catastrophic failure along a primary shear band. Even for
Pd-based metallic glasses with record-breaking toughness, they still fail under tension with
nominally zero plasticity along a single shear band [7,8]. Understanding the characteristics of shear
band is therefore of key importance to unlock the full potential of metallic glasses in many

promising applications.

A shear band in metallic glasses is a thin region with generally nano-meter thickness that
localizes plastic deformation [9,10]. The evolution of shear band occurs in three distinct stages:
initiation, propagation, and maturation. The first stage is shear band initiation due to structural
instability, with or without pre-existing stress concentrators, which could be understood from
activity of shear transformation zone (STZ) [11]. The second stage is shear band propagation,
generally driven by stored elastic energy, which could interact with other STZs or shear bands
[12,13]. The propagation speed is believed to be close to the shear wave speed as demonstrated in
a previous molecular dynamics (MD) [14] as well as a mesoscale simulation [15]. The third stage
is shear band maturation, during which a dominant across-the-sample shear band continues to
glide, leading to local heating or even cavitation and fracture under tension. The speed of gliding

during the shear band maturation stage is typically on the order of mm/s determined by mechanical



loading conditions and sample dimensions [16], which is much lower than the shear band
propagation speed. Due to limitations in temporal and spatial resolution, the second stage of shear
band propagation cannot be captured by high-speed camera [16,17] and was only being
characterized recently by interrupted compression technique [12,13]. Historically, aligned Eshelby
inclusions [18,19], shear crack [20,21] and dislocation [13,22] models have all been proposed to
understand the characteristics of shear band propagation, but no consensus has yet been reached.
Recent advancement in STZ-vortex mechanism [23,24] in which the Eshelby-like rotation fields
generated around STZs will activate the generation of successive STZs in an autocatalytic chain-
like manner, has shed new insight into the process of shear band nucleation and propagation.
However, it is not fully clear whether the mechanism can accurately predict the shear band
propagation speed. Moreover, the dynamics and strain field of a propagating shear band tip remain

unresolved, especially under tension.

In this study, we aim to characterize the dynamics of shear band propagation in micron-
scale MD simulations, by investigating two well-studied metallic glass systems: a generic binary
Lennard-Jones (LJ) glass [25] and a CuZr glass using high-fidelity embedded atom method (EAM)
force field [26]. A perturbative static loading (PSL) method [27,28] is used here to circumvent the
slow shear band initiation stage, and enable single or multiple shear band propagation across
micron-level spatial scale in MD simulations. Our results show that shear band propagation can be
intersonic driven by the considerable amount of stored elastic energy for samples under large
tensile strain. The shear strain singularity in the vicinity of a running shear band tip is of 1/r (r 1s
the distance away from the tip), which is analogous to typical fast running cracks in brittle

materials. These findings strongly suggest that the dynamics of shear band propagation in metallic



glasses might well be addressed under the framework of weakly nonlinear fracture mechanics

theory [29,30].
2. Simulation methodology
2.1. Sample preparation and simulation setup

The first MG system studied here is a generic binary LJ metallic glass system inspired by
Wahnstrom [25] that consists of two equimolar atom species, S and L for small and large atoms,

interacting via a binary Lennard-Jones potential of the form:
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where €,5 and gp (@, B denotes species of § or L) provide the energy and length scales,
respectively. The cutoff rofﬁ is chosen to be species dependent, such that all pair interactions
converge to 0.0163 oy, at the cutoffs of 1, = 2.50;;, 1§, = 2.29170y;, r$s = 2.08330;;. The SS
and LL bond energies are equal to that of the SL bond energy: €55 = &5, = €;;. The SS and SL
length scales are related to the LL length scale by: og¢ = 5/6 0y, and a5, = 11/12 0;;.. The two
atom species have different masses: m; = 2mg,, mg = m,, where m, is mass unit. Accordingly,
the internal time scale is t; = GLLm . In ST units, all the physical quantities follow the

conversion in a previous report [31] as: oy, = 2.7 A; my = 46 amu; €;; ~ 0.151 eV; t, ~ 0.5 ps.

The second model MG system investigated here is CuZr, which is also an equimolar binary
model metallic glass system interacting with a many-body EAM force field that has been well

validated against a large set of experimental and ab initio data [32,33].



Both the LJ and CuZr metallic glass samples were prepared into thin-slab geometries using
conventional melt-quench approach on the platform of LAMMPS [34] package. Temperature and
pressure were well-controlled via Nose-Hoover [35,36] thermostat and barostat, respectively.
Periodic boundary conditions were applied throughout the simulations. The quenching start (Zhign)
and end (71ow) temperatures, quenching rate, final sample dimension, density, and elastic properties
for both systems are detailed in Table 1. The end temperatures were kept low to reduce thermal
noise and the chance of undesired formation of multiple shear bands. Elastic moduli were
calculated and averaged with both tension and compression tests in the x, y, and z directions within

1% engineering strain range following our previous study [37].

Table 1. Sample dimension, preparation conditions of the LJ and CuZr model metallic glass
systems including the high and low temperatures (7high and Tiow) as well as the quenching rate (Q
), the Poisson’s ratio (v), the Young’s modulus (E), the shear modulus (G), the as-quenched glass

density (p), and the shear wave speed (cs).

Dimension Thigh  Thow 0 E G p Cs
(nm’) K  (K) (K/ps) ’ (GPa)  (GPa)  (kg/m’)  (m/s)

LJ 21.4x2.5x92.1 2000 10 0.087 0.37 67.4 33.7 7454.5 2126.9

CuZr  19.2x1.92x19.2 2500 1 0.1 0.40 62.7 224 7281.8 1751.9

2.2. Perturbative static loading test

Typical strain rate accessible in MD simulations is about ten orders magnitude higher than

conventional incremental displacement-controlled uniaxial loading test in experiments. Therefore,



one challenge for MD simulation is whether such high strain rate will alter the propagation
behavior and dynamics of shear band tip. Moreover, it is known that higher strain rate promotes
the formation of multiple shear bands, which could complicate the characterization of shear band
propagation dynamics. While one dominant shear band could form in sub-100 nm model system
in MD simulations with slower cooling rate and strain rate, and lower deformation temperature
[38—42], suppression of multiple shear bands formation in micro-scale samples (with more
nucleation sites) may require even slower cooling rate and strain rate, which is computationally
inaccessible in microscale MD simulations [43]. To help circumvent these limitations in MD
simulations, we employed the PSL method that has been applied to study the local stress state and
shear band to cavitation transition during the third stage of shear band maturation or gliding in our
previous studies [28]. The essence of the PSL method is to create a slightly weakened region near
surface in an loaded sample, which helps nucleate an incipient shear band without excessive
waiting time. Subsequently, this shear band propagates into the unperturbed region across the
entire sample, providing clean opportunities to study the dynamics and the strain field around a
propagating shear band tip. It is worth mentioning that as an alternative to the PSL method, the
stress concentrator method by creating a small notch at the sample surface has also been widely
used to initiate shear band both in experiments [44] and simulations [23,45,46]. However, the
introduction of a small notch in the loaded sample will create a strong and long-range undesired
stress distribution, which may complicate the shear band propagation behavior. We therefore

proceeded with the PSL method in this study.

As illustrated in Fig. 1, the PSL method essentially consists of sequential operations of
elastic loading, replication, perturbation, and static holding. It starts with the as-quenched samples

being loaded to various prescribed uniaxial tensile strains (3% to 5%) along z-direction under the
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plane strain condition with a constant strain rate (0.2 ns™' for the LJ sample, and 0.5 ns™' for the
CuZr sample) as rationalized in our previous work [28,47]. Next, the strained samples are
replicated (16 by 8 for the LJ system, and 18 by 36 for the CuZr system) to a much larger thin-slab
geometry to allow for micron-scale simulation. In addition, two free surfaces (x-y plane) are
created by cutting out a slice (~ 20 nm) parallel to the loading direction to allow shear-offset
unconstrainted by the periodic boundary conditions. In the case of 4.5% prescribed uniaxial tensile
strain, the final sample size is about 291.4 by 2.5 by 785.5 nm? for the LJ system, and 334.9 by
1.92 by 736.4 nm® for the CuZr system, respectively. For studies in which longer shear band
propagation path is desired (e.g., microbranching, intersonic propagation), the sample width and
length is further doubled. To conduct thermal perturbation to initiate the shear band, a prescribed
perturbation zone /, (see Fig. 1) is heated at 2000 K for 5 ps and then relaxed under initial
temperature (1 K for the CuZr samples and 10 K for the LJ samples) for another 5 ps. The
perturbation zone, tilted at an angle around 48 degrees to the loading direction, is 6 nm in thickness
following our previous study [28]. Since shear band propagation is independent of its nucleation
[48], this perturbation is expected to have negligible effect on how the shear band propagates. The
length /, of the perturbation zone increases as the uniaxial tensile strain of the sample decreases to
ensure that shear band nucleates within reasonable simulation time. The perturbation length /, is
11 nm for 5% and 4.5% strain, 23 nm for 4% and 3.8% strain, 36 nm for 3.6% strain, and 66 nm
for 3.4% and 3.2% strain. We have tested different perturbation lengths under 5%, 4.5%, 4%, 3.8%
and 3.6% strain and observed little difference for the shear band propagation speed evolution as

demonstrated in Fig. S1 and S2 in the Supplementary Materials.

Lastly, the top and bottom 10 nm portion of the samples along the z-direction are clamped

and held in place, such that the atoms are free to move perpendicular to the loading direction
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(within x-y plane) but are fixed in the loading direction (z-direction). Freezing the holder in x and
y direction would lead to extra shear and bending, while using periodic boundary condition in the
loading direction (z-direction) will lead to sample rotation. Therefore, the static holding (only
along the loading direction with free surfaces) is ideal to drive shear band propagation by the stored
elastic energy, under effectively zero macroscopic tensile strain rate. In this way, a shear band is
ready to nucleate at the structurally perturbed region under the prescribed tensile strain, then to
propagate in the unperturbed region of the sample. The PSL method described here avoids lengthy

quenching, elastic loading and shear band nucleation in micron-scale samples.

It is also worth mentioning that strain rate in typical MD simulations is much higher than
that in experiments. For this very reason, we choose a loading method with zero strain rate yet
with varying initial tensile strain thus different tensile stress. High initial tensile stress in the
context of PSL simulations corresponds to high strain rate experiments, or samples with high
barriers for shear band nucleation, and vice versa. In this regard, the PSL simulations with low
initial tensile stress best represent the shear band propagation in typical experiments with low
strain rate thus low initial tensile stress. Similarly, observations under high initial tensile stress in

the PSL simulations is relevant for experiments under very high strain rates.
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Fig. 1. Schematic of the perturbative static loading test for initiating a single cross-sample shear
band and driving its propagation. It involves a sequence of elastic loading, replication,
perturbation, and static holding operations. /, denotes the length of the very initial perturbation.
lgiide denotes the shear band gliding (shear offset) distance. /,-0p denotes the shear band propagation

distance.

3. Results and discussions

3.1. Shear band propagation speed

In our MD simulations, the shear band tip is monitored by coarse-graining the temperature
distribution with 1 nm by 1 nm through-the-thickness griding, as shown in Figure 2(c). The
instantaneous shear band position is identified as the farthest grid along the shear band propagation
direction with a local temperature rise beyond 50 K. The local temperature is calculated based on
the kinetic energy of the atoms in each 1 nm by 1 nm through-the-thickness coarse-grained grid.
It should be noted that, as the shear band propagates across the entire sample in Figure 2(c) over a
distance ~280 nm, while the shear offset (or shear band gliding) on the left surface is only about
12 nm. Therefore, the shear band propagation speed is close to 1000 m/s, while the shear band

gliding (shear offset) speed is only around 24 m/s.

Fig. 2 shows the shear band tip position as a function of time, as well as the average shear
band propagation speed for the LJ system under different prescribed uniaxial tensile strains. Within
the 1 ns time span accessible in our simulation, shear band propagation was observed when the

tensile strain is larger than 3%. The average propagation speed near the center of the sample



increases monotonically with the prescribed uniaxial tensile strain. Importantly, the shear band
propagation speed surpasses the shear wave speed for sample with prescribed uniaxial tensile strain

of 5%.
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Fig. 2. (a) Temporal evolution of shear band propagation in LJ samples under different prescribed

tensile strains. (b) The corresponding average shear band propagation speed by linearly fitting the
steady propagation region near the center of the sample between 150 nm and 250 nm. (c)
Representative snapshots of shear band propagation at simulation running time of 0.1, 0.2, 0.3,
0.4, and 0.5 ns for the LJ sample with 3.4% prescribed tensile strain as marked by the red crosses

in (a).
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As the shear band propagates with a varying speed, it is also important to examine how the
instantaneous shear band propagation speed evolves over time. Fig. 3 shows the instantaneous
shear band propagation speed normalized by the shear wave speed (cs) for both the LJ samples and
the CuZr samples under different prescribed tensile strains. It can be seen that the shear band
propagation speed fluctuates substantially, which is similar to experimental observation of crack
propagation in polyacrylamide gel and soda-lime glass [49,50]. The fluctuation is probably due to
both the intrinsic shear band instability as well as local structural heterogeneity of the glassy
sample as evidenced in many studies [24,46,51,52]. For the LJ sample, under 3.2% prescribed
uniaxial tensile strain, the shear band propagation is marginally sustainable with momentary
stoppage after running for 50 nm and 70 nm. The shear band propagation speed varies from 0.2 ¢
to 0.5 cs. Under 4.5% prescribed uniaxial tensile strain, the shear band accelerates to 0.5 ¢s and
stays at 0.5 ¢s within the first 200 nm of propagation. Subsequently, the shear band advances at cs
for about 100 nm and slows down again. Finally, the shear band accelerates and stays above cs for
200 nm distance towards the end. Under 5% prescribed uniaxial tensile strain, the shear band

propagation speed increases and fluctuates at around cs for the first 400 nm with momentarily

reaching v2c,, which is the forbidden velocity for steady-state non-radiative dislocations found

by Eshelby [53].

The shear band propagation in the CuZr samples is quite similar to that in the LJ samples:
(1) The average speed of shear band propagation increases with increasing prescribed uniaxial
tensile strain; (2) The instantaneous speed of shear band propagation increases with time in general
yet with significant fluctuations; (3) The shear band can travel faster than the shear wave,

particularly for the CuZr sample with 5% prescribed uniaxial tensile strain.
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Fig. 3. Instantaneous shear band propagation speed (fitted over 5 ps duration) normalized by shear
wave speed as a function of real time shear band length for the LJ sample and CuZr sample under
different prescribed uniaxial tensile strains. The associated velocity measurement uncertainty is

estimated to be around 100 m/s (~ 0.05 ¢, for the LJ samples and ~ 0.06 cs for the CuZr samples).

3.2. Shear strain distribution and singularity

Fig. 4 shows the shear strain distribution at different simulation times for a LJ sample under
4.5% prescribed uniaxial tensile strain. The shear band region exhibits a negative &,,, while the
region on both sides of the shear band elastically unloads thus exhibiting a positive &,,. The shape
of the elastically unloading regime evolves as the shear band propagates and accelerates. After
0.34 ns, the front of the elastically unloading regime resembles a Mach cone behind the shear band
tip, consistent with a propagating speed that is higher than the shear wave. This is surprising
according to the continuum mechanics in which the Rayleigh wave speed should be the terminal

12



speed for shear crack under mode II shear loading [54—56]. Complications at the propagation front
such as the nonlinearity [29,30] may give rise to the intersonic propagation behavior. Given that
intersonic propagation has also been observed in many other systems, such as cracks [55,56],
twinning [57,58], dislocation [59-61] and shear rupture during earthquakes [62], the new
observations thereof indicate that the intersonic propagation might be quite general for shear
dominated deformations in solids.
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Fig. 4. Shear strain field evolution for a 0.58 pm by 1.57 pm LJ sample under prescribed uniaxial
tensile strain of 4.5%. The Mach cone after 0.34 ns clearly demonstrates that the shear band
propagation speed is larger than the shear wave speed. The local shear strain field is calculated
over the 1 nm by 1 nm through-the-thickness grid using the affine deformation matrix that best fits

the deformation from the initial atomic configuration to the current atomic configuration [11].

To further reveal the nature of shear band propagation, we also characterized the shear
strain singularity ahead of the propagating shear band tip as shown in Fig. 5. The atomic shear
strain was calculated using the initial state of static holding as the reference. In both the LJ system
and the CuZr system under different prescribed uniaxial tensile strains, the shear strain ahead of

the shear band tip scales in a 1/r relationship, where 7 is the distance away from the shear band tip
13



in the propagating direction. This is surprising and in stark contrast with the well-known linear

elastic fracture mechanics (LEFM) where strain field ahead of a crack tip exhibits a 1//r
relationship. Interestingly, the 1/r strain singularity observed here is in agreement with the
characteristics of the near-tip strain field of rapidly moving cracks as demonstrated in many studies
under the framework of recently developed weakly nonlinear fracture mechanics theory [29,30].
Specifically, Livne and coworkers [63,64] recently showed that the LEFM will break down near
the crack tip at high propagation speed and the strain field follows 1/r relationship due to the
violation of the small strain assumption. Given that the speed of shear band propagation is indeed
very fast as shown in Fig. 3, and the stress-strain curve of a metallic glass sample is clearly
nonlinear beyond 2% macroscopic strain as commonly observed in simulations [65,66] and
experiments [6,67], the 1/r shear strain field observed here, therefore, suggests that the nature of
shear band propagation dynamics might be interpreted as a rapidly moving shear crack with weak

nonlinearity near the tip.
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Fig. 5. Shear strain as a function of distance ahead of the shear band tip in the LJ samples and
CuZr samples under different prescribed uniaxial tensile strains. The dashed black line has a slope

of -1 in this log-log plot, indicating €,, o 1/r.
3.3. Dynamic instability of propagating shear band

The intersonic shear band propagation speed, together with the 1/r shear strain singularity
ahead of shear band tip strongly suggest that the dynamics of rapidly propagating shear band might
share the same mechanics with that of shear crack under the framework of weakly nonlinear elastic
fracture mechanics theory. Crack in brittle materials typically does not always propagate via
individual straight path, but either microscopically branches or spontaneously oscillates when the
speed is sufficiently high [68,69], unless it is purposely suppressed in an engineering way as

demonstrated in many studies [70,71]. Therefore, it is expected that shear band propagation also
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exhibits intrinsic dynamic instabilities due to the resemblance between traveling shear band and

shear crack.

Fig. 6 shows some representative moments when the propagating shear band tip branches
in the large LJ sample with 4.5% prescribed uniaxial tensile strain. The shear band is clearly
depicted by the temperature field. Particularly, it takes about 200 nm for the first branching event
to occur, which roughly coincides with the moment when the shear band propagation speed gets
close to the shear wave speed as shown in Fig. 3. Afterwards, another branching event appears as
the tip picks up propagation speed again. The repetitive branching events lead to considerable
fluctuations of the instantaneous traveling speed of shear band tip. In addition, the temperature rise
in the shear band is not homogeneous with the tail being hotter than the tip. This is consistent with
the accumulative buildup of the displacement as the sample continues to slide along the shear band
as shown in Fig. S3 in the Supplementary Material. Overall, the branching behavior of the
propagating shear band exhibits a striking resemblance with that of other typical rapidly moving
crack scenarios [72-75], further suggesting that the nature of shear band tip can be viewed as a

shear crack tip.

The atomic mechanism of shear band branching and multiplication has been thoroughly
investigated recently. Essentially, the shear banding process in a homogeneous metallic glass is
believed to be based on the autocatalytic generation of successive STZs and vortex-like rotation
fields, leading to STZ percolation and, ultimately, to the formation of a shear band [23]. The
branching behavior could be trigged whenever the STZ-vortex mechanism is considerably
perturbed either by structural heterogeneities [45] or stress fluctuations [76]. Even though the

atomic structure of metallic glasses is highly heterogeneous [46,51], we believe that the shear band
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branching behavior observed here was mainly ascribed to the typical intrinsic propagation

instability at high speed, over which stage most branching events were observed.
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Fig. 6. Temperature distribution during shear band propagation showing shear band branching for
the same sample analyzed in Fig. 4. The representative snapshots are taken at simulation running
time of 0.3, 0.44, and 0.5 ns, respectively. The whole process of shear band propagation is available

in Movie S1 in the Supplementary Material.

3.4. Propagation dynamics of multiple intersecting shear bands

Similar to dislocation intersections in which jogs/kinks may form that significantly affect
plastic deformation of crystalline metals, shear bands may intersect in metallic glasses which could
alter its mechanical behaviors [44,77,78]. For instance, Zhao [44] has studied the shear band
interaction in compressive tests on specimens with two symmetrical semi-circular notches, and
ascribed the observed ‘work-hardening’ behavior to stress interaction caused by stress fields
around the shear band tips after quantitative analysis. It is therefore of scientific and practical
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importance to investigate the dynamics of intersecting shear bands, which is challenging to observe

experimentally in real time.
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Fig. 7. Propagation evolution of two shear bands initiated symmetrically (a) and asymmetrically
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(b) from the two free surfaces of the LJ system with 4.5% prescribed uniaxial tensile strain
traveling towards each other, crossing paths, and departing from each other afterwards. The

snapshots are taken in an equal simulation running time interval of 0.05 ns.

Here, by using the PSL method, two incipient shear bands were nucleated on both sides of
the LJ sample surface. The location of the incipient shear band was adjusted to achieve: (1)
symmetric shear band intersection with roughly identical propagating distance, roughly in the
middle of the sample; (2) asymmetric shear band intersection with different propagating distances,
away from the middle of the sample. Fig. 7 shows the processes of both symmetric and asymmetric
intersections. It can be clearly seen that the propagation of shear bands slows down noticeably
upon approaching each other (more details in Movies S2 and S3 in the Supplementary Material).
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In addition, the shear band propagation pathway gets deflected at the crossing junction, sometimes
with branching. The slowdown, deflection and branching of shear band are all caused by the
partially unloaded stress field ahead of the shear band. Lastly, the shear band intersection
intensifies shear deformations and leads to further local heating at the junction. The temperature
rise at the junction seems higher for symmetric intersection than asymmetric intersection. It should
be noted that this temperature rise is due to sample gliding along shear bands, thus does not occur

immediately upon shear band intersection.

Many of these observations echo the atomistic mechanisms of shear band interaction
proposed by Sopu et al. [46] in which a CussZr3s model metallic glass sample with two primary
shear bands induced by symmetrical surface notches was loaded to closely look at the interaction.
It was found that the shear bands interacted through elastic heterogeneities long before the plastic
zones of two shear fronts started to intersect. Upon intersection of the shear bands, large stress
fluctuations at the intersection point were induced, which in turn perturbed the STZ percolation

process and, ultimately led to shear band branching and further multiplication.

4. Conclusions

To understand the dynamics of propagating shear band in metallic glasses, we conducted
micron-scale MD simulations on two systems using distinctly different force fields. We made the
following observations: (1) Driven by elastic energy stored in the sample, the average shear band
propagation speed increases with increasing prescribed uniaxial tensile strain; (2) The
instantaneous propagation speed keeps accelerating and could get close to or surpass the shear
wave speed; (3) The shear strain singularity ahead of propagating shear band scales as 1/, which

resembles typical cracks in brittle materials under the framework of weakly non-linear fracture
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mechanics; (4) The propagation of shear band has intrinsic instability that manifests itself as
microbranching and considerable fluctuations of instantaneous propagation speed; (5) Upon
intersecting, shear bands can slow down, deflect, branch, and heat up locally. Our observations
indicate that the dynamics of rapidly propagating shear band in metallic glasses can be viewed as

shear cracks under the framework of weakly nonlinear fracture mechanics theory.
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