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Shear bands (SBs) play a critical role in determining the mechanical behavior of metallic
glasses (MGs). However, the rapid dynamics and highly localized nature of SB propaga-
tion present significant challenges for direct observation of their atomistic mechanisms
using experimental techniques. In this study, we employ hybrid molecular dynamics/
Monte Carlo simulations to investigate the atomic-scale mechanisms of SB propagation
in Mgy, Cu,;Y,, MGs, prepared using cooling rates as slow as 10* K s'—comparable
to experimental casting conditions and significantly slower than the 10" K s™' rates
previously employed in atomistic simulations. Our results reveal a qualitative shift in
SB propagation mechanisms as the structural state evolves with decreasing cooling
rates. In hyperquenched MGs, SB propagation occurs intermittently, characterized by a
“stop-and-go” motion driven by sequential activation and coalescence of multiple shear
transformation zones (STZs) separated by vortex-like fields. In contrast, slowly cooled
MGs exhibit continuous and rapid SB propagation, mediated by localized shear sof-
tening and the formation of large vortex fields, indicative of a more collective structural
response. This transition arises from significant differences in the number density and
spatial distribution of activated STZs across different structural states. These findings
provide insights into the microscopic dynamics of SB initiation and propagation in MGs,
highlighting how the structural state can be strategically tuned to control SB behavior.
This opens up different opportunities for optimizing the mechanical performance of
MGs for targeted engineering applications.

metallic glass | shear band | atomistic simulation | shear transformation zone

Shear bands (SBs) are a ubiquitous feature of localized plastic deformation in metallic
glasses (MGs) at room temperature (1-5), playing a critical role in determining their
plasticity including yield behavior. The initiation and propagation of SBs in MGs are
closely associated with the activation and percolation of shear transformation zones
(STZs), which act as the primary mediators of plastic flow when the applied stress
surpasses the material’s elastic limit (6-9). Several theoretical frameworks, including
dislocation theory (10, 11), Eshelby inclusions (12, 13), and shear-crack models
(14-16), have been proposed to explain the characteristics of SB propagation. Among
these, the STZ vortex mechanism has gained widespread acceptance, suggesting that
SBs form due to an Eshelby-like rotational field generated around an activated STZ,
which triggers the sequential activation of additional STZs in a self-catalytic process
(17-20). Experimental observations of density variations and vortex-like motions sup-
port this model (18, 21, 22); however, those characterizations are far removed from the
microscopic mechanisms underlying shear banding. These findings suggest that complex
mechanisms may govern SB propagation, and further investigation is needed to fully
understand and clarify the dynamic evolution of a SB.

The challenges in studying SB propagation arise from their rapid dynamics and highly
localized nature, which complicate direct observation of their mechanisms through exper-
imental methods (23-25). As a result, computational approaches, particularly molecular-
dynamics (MD) simulations, have become essential tools for exploring the atomistic
processes underlying SB formation and propagation in MGs (26-28). However, these
methods have limitations, notably the discrepancy between the timescales of simulations
and real-world experiments. MD simulations typically employ cooling rates exceeding
10" K s, far higher than the cooling rates used in experimental settings, which are
generally below 10* K s™' (29-32). This difference results in simulated MGs that are
mechanically “softer” and exhibit greater plasticity compared to those produced under
conventional experimental conditions. Such a focus on highly plastic MG models in prior
simulations have left a blank in understanding the behavior of SBs in experimentally
relevant MGs.
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In this work, to fill this gap and achieve a comprehensive under-
standing of shear-banding that closely aligns with experimental
MGs, we use a combined approach of MD and Monte Carlo
(MC) simulations to create MggsCu,s Y, MG models with a wide
range of mechanical properties (33-36). This approach allows for
a detailed examination of the microscopic mechanisms of shear
banding across different regimes. Our results show that SB prop-
agation in MGs is governed by fundamentally different mecha-
nisms depending on the structural state of the samples. In slowly
cooled MGs, the SB propagation mode is distinctly different from
those observed in hyperquenched MGs, and the mechanisms are
characterized by different STZ activation energies, structural rear-
rangements, and stress distributions. These findings are crucial for
advancing the fundamental understanding of SB behavior in MGs
and for guiding the design and engineering of MGs with opti-
mized mechanical properties for specific applications.

Results and Discussion

MGs Prepared Using Various Effective Cooling Rates. Mg, Cu,sY
serves as a representative example of a brittle MG that has been
extensively studied experimentally. In contrast, Mg;sCu,s Y, MGs
simulated using classical MD exhibit high plasticity with STZ
events all over the sample. This inconsistency with experimental
observations has been attributed to the extremely high cooling rates
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(approximately 10'° K's™') used to make the MG model-sample,
due to the limited timescale accessible in conventional atomistic
simulations. Recent advances in computational techniques, such
as the hybrid MD/MC approach, have been developed to bridge
the gap between experimental and simulated cooling rates for
MGs (36). In this study, we generated a series of MgsCu,sY,;, MG
model-samples using both MD and hybrid MD/MC simulations
to achieve a wide range of cooling rates, spanning over nine orders
of magnitude (as detailed in the Methods section).

Fig. 14 shows the per-atom atomic potential energy as a function
of temperature for various MggsCu,sY;, MG model samples. The
lowest cooling rate for the MD simulations reached ~10° K57,
whereas the cooling curves from the hybrid MD/MC simulations
indicate significantly slower quenching rates, as inferred from the
glass transition temperature (7,) and the potential energy of the
glassy states. Fig. 1B demonstrates that the effective cooling rates of
MgsCu,5Y,, MG model-samples prepared using hybrid MD/MC
simulations can be obtained by extrapolation from the dependence
of potential energy on the cooling rate (36). Notably, the hybrid
MD/MC approach significantly reduces the potential energy, achiev-
ing effective cooling rates as low as 4 x 10* K's™, close to the exper-
imental quenching rates used for producing Mg-based bulk MGs.

Through this approach, we prepared a range of Mg,;Cu,sY|,
MG model-samples with effective cooling rates spanning over
nine orders of magnitude, from 4 x 10 t0 10 Ks'. A detailed
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Fig. 1. MggCu,sY,o MG models prepared using various effective cooling rates. (A) Variation in per-atom potential energy (PE) with temperature (7) for different
quenching rates. (B) Per-atom potential energy estimated at 300 K versus effective cooling rate; the solid line represents a logarithmic fit of the MD simulation
data. (C) Fraction of Cu-centered(0, 3,6,0)and (0, 2, 8, 0) Frank-Kasper polyhedra. (D) Variation of shear modulus and Young's modulus across different effective

cooling rates, with horizontal dashed lines indicating experimental values (37).
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analysis of the local atomic environment out to the second
nearest-neighbor shell (38) confirmed that all samples remain
completely amorphous, with no evidence of crystallization (see
SI Appendix, Fig. S1A for the pair distribution function).
Additionally, Voronoi tessellation analysis was employed to inves-
tigate the short-range order (SRO) motifs within the samples.
Fig. 1C presents the fractions of two characteristic Cu-centered
Frank-Kasper polyhedra—tricapped trigonal prisms (Voronoi
index (0, 3, 6, 0)) and bicapped square antiprisms (Voronoi index
(0,2,8,0)) (39). The population fractions of these polyhedral
motifs are gradually reduced as the cooling rate increases, indicat-
ing subtle changes in the SRO. Moreover, the elastic constants of
MgiCu,sY,; MG samples were calculated and are shown in
Fig. 1D. The results highlight a pronounced influence of the
quenching rate on both the shear modulus (G) and Young’s mod-
ulus (E). The elastic moduli obtalned from regular MD simula-
tions (cooling rates over 10'° K s™') differ significantly from
experimental values (indicated by the dashed lines in Fig. 1D).

However, the values obtained using the slowest cooling rate (4 x
10* K s™") from the hybrid MD/MC scheme align more closely
with experimental observations (37, 40, 41).

Beyond G and E, Poisson’s ratio (v) is another critical elastic
property that has been widely recognized as an indicator of the
deformation behavior of MGs. Conventional MD simulations
have struggled to reproduce this property due to the significant
timescale gap mentioned earlier (39, 41). Specifically, the Poisson’s
ratio of MggsCu,sY; o MGs prepared via traditional MD simula-
tions is approximately 0.40, substantially higher than experimental
values, which range from 0.302 to 0.329 (42, 43). However, as
depicted in Fig. 24, utilizing the hybrid MD/MC approach, we
have successfully extended the range of Poissons ratio for

MgisCu,5Y,;, MG model-samples, going down from 0.435 to
0.335, the latter aligning closely with the experimentally reported
values. This opens the opportunity for a direct comparison of the
simulated MG with experimental ones. Furthermore, simulated
uniaxial tension was applied to the MgiCuyY,, MG
model-samples, to observe their deformation modes including
shear banding and eventual failure (see details in Methods). The
stress—strain curves in Fig. 2B reveal a transition from a gradual
decrease to an abrupt drop of the tensile stress after yielding, as
the effective cooling rate decreases. This transition is further vis-
ualized by the snapshots showing the distribution of microscopic
von Mises strain at a tensile strain of 12%, as presented in Fig. 2C.
Two markedly different deformatlon modes are observed: For
cooling rates exceeding 10° K's™', the MggsCu,sY,, MGs exhibit
delocalized plastic deformation without the formatlon of localized
SBs. Conversely, at cooling rates below 10°Ks, a single SB
predominates as the primary deformation mode, with the locali-
zation becoming more pronounced as the cooling rate decreases.
These findings indicate that lower cooling rates significantly alter
the shear banding behavior in MGs, providing a suitable platform
for studying MGs that more closely replicate those produced
under laboratory conditions.

Local Properties Inside the SBs. To further elucidate the
microscopic properties of SBs in Mg,sCu,sY;, MGs, we analyzed
two representatlve model-samples: one with an effective cooling
rate of 10" K s (denoted as hyperquenched) and another with
an effective cooling rate of 4 x 10* K s7' (denoted as slowly
cooled). Fig. 34 illustrates the characteristic SBs, which propagate
through the MG samples at a critical strain of 12.05% for the
hyperquenched sample and 7.85% for the slowly cooled sample
(see ST Appendix, Fig. S1 B-D, for the definition of critical strain).
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Fig. 2. Different deformation behaviors in Mgg;Cu,sY,, MG models. (A) Poisson's ratio (v) across various effective cooling rates, with the horizontal dashed line
indicating experimental values from ref. 37. (B) Stress-strain curves under uniaxial tension. (C) Snapshots of MG samples at a tensile strain of 12%, with color
coding representing atomic von Mises strain (range: 0.3 to 1.0). Atoms with values less than 0.3 are excluded to highlight SBs; the Top panel displays MD samples,

while the Bottom panel shows MD/MC samples.
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Fig. 3. Microscopic properties of SBs in hyperquenched and slowly cooled MggsCu,sY;, MG models. (A) Schematic diagrams of SBs within the hyperquenched
sample and slowly cooled sample, prepared at cooling rates of 1 x 10° and 4 x 10* K s, respectively. The dashed boxes indicate the midpoint regions of the
SBs at critical strains of 12.05% (hyperquenched sample) and 7.85% (slowly cooled sample). (B) Spatial distribution maps of microscopic D? ., rotation angle,
fivefold symmetry, temperature, and free volume for both the hyperquenched sample and slowly cooled sample in the regions indicated by the dashed boxes
in A. (C) Line profiles of microscopic D%, rotation angle, local fivefold symmetry, temperature, and free volume, perpendicular to the corresponding SBs (in the
y' direction) for both the hyperquenched sample (dashed curve) and slowly cooled sample (solid curve).

We next focused on regions located at the midpoint in the
thickness of each SB (indicated by dashed boxes in Fig. 34), aiming
to investigate the local properties of the SBs. These regions, with
dimensions of 1.0 x 12.0 x 5.8 nm® (¥’ x y x 2), were selected for
detailed analysis of microscopic nonaffine squared displacement
D, (44), rotation angle, fivefold symmetry, temperature, and
free volume (von Mises strain and volume strain, see S/ Appendix,
Fig. S2 for additional data). The spatial-distribution maps and line
profiles of these properties are shown in Fig. 3 B and C, respec-
tively. Compared with the surroundings, the central regions of
both SBs exhibit an increase in D, and rotation angle, coupled
with a decrease in fivefold symmetry, consistent with previous
findings that report similar trends accompanied by significant von
Mises strain and volume strain (24, 45, 46).

However, the SB property rise/dip is more pronounced in the
slowly cooled sample (e.g., the solid curves in Fig. 3C) compared
to those in the hyperquenched sample. Additionally, while the
temperature in the center of the SB in the hyperquenched sample
remains relatively constant around 300 K, the temperature at the
center of the SB in the slowly cooled sample shows a substantial
increase of approximately 100 K. For comparison, the correspond-
ing microscopic properties of SBs in the slowly cooled sample at
12.05% strain are also included in SI Appendix, Fig. S3.

Microscopic Mechanism of SB Propagation. Fig. 4 present
microscopic maps and line profiles of initial fivefold symmetry
(Fs 1)s Do totation angle, and atomic displacement fields in
two representative model samples: the hyperquenched (10°Ks™)
and slowly cooled (4 x 108 K s configurations, with the SB
propagating halfway through the sample, approximately 20 nm
from the notch. The SB front is defined as the region where atoms,

https://doi.org/10.1073/pnas.2427082122

exhibiting D’ greater than 20, lose their nearest neighbors for
the first time in the direction of SB propagation. F; ,;, derived
from predeformation atomic configurations, describes the local
structure of MGs. In atomistic simulations, D, is a widely used
metric to identify STZs, while rotation angles and displacement
field are used to describe the collective atomic motion, particularly
the vortex-like field at the SB front. As such, the results of Fig. 4
aim to sufficiently demonstrate how the local structural state
governs SB propagation behavior.

In the hyperquenched MG sample (Lef? panel of Fig. 4), the
region ahead of the propagating SB exhibits pronounced nano-
scale heterogeneity (quantified by 75 ,;, Fig. 4 A and B), with
strong fluctuations between structural softness and hardness, as
indicated by the line profiles (each data point is obtained by
averaging atomic values within a 0.5 nm bin along the SB direc-
tion). These structurally softer regions are preferentially acti-
vated into STZs, as shown by the high D’ ,, values (Fig. 4 C
and D) and are associated with quadrupolar displacement fields,
forming a highly discontinuous pattern with several isolated
regions. This is consistent with previous MD simulation studies
(17). The displacement field around each STZ exhibits an
Eshelby-like quadrupolar distribution, decaying rapidly from
the STZ center to the surrounding matrix. The intervening
structurally harder regions give rise to vortex-like displacements
(Fig. 4 E-G). Each vortex core aligns with a peak in the rotation
angle and a corresponding valley in displacement (marked by
the letters “V, O, R, T, E, X” in Fig. 4F and the shaded regions
in Fig. 4G), demonstrating an anticorrelated relationship
between rotation angle and displacement. This results in an
intermittent SB propagation mode, where discrete STZs sequen-
tially activate and coalesce.

pnas.org
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Fig. 4. Atomic-level mechanisms at the SB front as it propagates halfway through the sample. The Left panels correspond to hyperquenched and the Right
panels correspond to slowly cooled samples. (A and B) Local initial fivefold symmetry (Fs ;,) maps and line profile; (C and D) nonaffine displacement (D%, nm)
map and line profile; (E-G) rotational angle, atomic displacement field map and their line profiles. Each line profile is averaged over 0.5 nm bins along the SB
direction. The shade white solid boxes in (A-G) indicate the regions with vortex fields (also marked by the letter “V, O, R, T, E, X" in F). The Inset in the Right panel
of (G) depicts the number of vortices formed at the SB front in MggsCu,sY;, MG model-samples prepared at various cooling rates.

In contrast, the slowly cooled MG sample (Right panel of Fig. 4)
demonstrates a contrasting local structure and its corresponding
SB propagation mechanism. It shows structural homogeneity
ahead of the SB front, with suppressed fluctuations in 75 ,; (Fig. 4
A and B). With the absence of soft regions ahead of the SB front,
STZ activation is strongly inhibited (Fig. 4 Cand D), and the SB
propagates primarily through shear softening. The displacement
field in the front of the SB follows a perfect vortex-like pattern,
with minimal fluctuations in rotation angle and displacement
(Fig. 4 F~G). This indicates a2 more homogeneous microscopic
mechanism ahead of the SB front in the slowly cooled MG, char-
acterized by smaller variations but larger-scale cooperative motion
(marked with a white solid rectangle), compared to the hyper-
quenched MG.

Thus, the comparison between hyperquenched and slowly
cooled MGs in Fig. 4 clearly demonstrates how their local struc-
tures (nanoscale heterogeneity of structural softness and hardness
versus structural homogeneity with negligible soft regions) govern
the distinctive SB propagation behavior: multiple discontinuous
Eshelby-like features and vortex displacements versus continuous
propagation with larger-scale cooperative motion. This aligns with
the long-standing notion in materials science that local structure
provides the multidimensional information necessary to describe
the complex mechanical response of MGs, beyond what a single
scalar quantity, such as total energy, can convey. While local struc-
ture and total energy are closely linked in MGs, they are not
interchangeable, especially in determining plastic deformation
(47, 48). Other local features, such as local potential energy, can

PNAS 2025 Vol. 122 No.27 2427082122

also significantly influence STZ activation and SB propagation
mechanisms (S Appendix, Fig. 54)

In SI Appendix, Fig. S5, the D’,, and displacement of SBs
propagating up to one-third (14 nm) of the way through the
samples are plotted, further confirming that the distinct propaga-
tion mechanisms of SBs persist throughout the entire process,
with the propagation pattern changing with sample cooling rate.
Displacement plots at different cooling rates show a reduction in
the number of vortex fields ahead of the SB front with decreasing
cooling rates, transitioning from multiple small vortices to a single
large vortex field, as depicted in the Zuser of Fig. 4G. This high-
lights a major transition, in terms of the SB propagation mecha-
nism, from the hyperquenched to slowly cooled MG models.

Fig. 5 schematically illustrates the distinct mechanisms under-
lying the propagation patterns of SBs in hyperquenched and
slowly cooled MG samples. Upon application of a load, the region
near the notch initially generates a strong stress field. In the hyper-
quenched sample (Fig. 54), nanoscale fluctuations in structural
hardness and softness enable the activation of STZs within soft
regions, while the vortex field (with stress concentration, see
SI Appendix, Fig. S4) is induced by two adjacent STZs, charac-
terized by a quadrupolar Eshelby-like distribution. As the load
increases, multiple discontinuous STZs, separated by vortices, are
sequentially activated, propagating and eventually coalescing to
form a SB. This results in an intermittent SB propagation pattern.
In contrast, in the slowly cooled sample (Fig. 5B), which exhibits
structural homogeneity of hardness, the stress field generated by
the vortex-like motion is insufficient to induce or activate

https://doi.org/10.1073/pnas.2427082122 5 of 8
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Fig. 5. Schematic diagrams of the mechanisms of SB propagation. (A)
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represents the front of SB propagation. The structurally soft (blue) and hard
(pink) regions are directly responsible for STZs (ellipsoids) and vortex centers
(circles), respectively. Gray arrows indicate the directions of local atomic
motions.

neighboring regions to form multiple STZs. Instead, SB propa-
gation in slowly cooled samples primarily relies on shear softening
at the SB tip, activating STZs in the immediate vicinity of the SB
front, followed by the formation of a large vortex field due to the
homogeneous structure dominated by solid-like regions.
Consequently, SB propagation occurs in a continuous manner,
characteristic of brittle fracture in materials.

It is important to note that the SB propagation mechanism can
be influenced by the significant difference in energy release upon
SB formation between hyperquenched and slowly cooled samples.
As shown in Fig. 2B, the energy release is reflected by the transition
from maximum stress to flow stress. The flow stress is only weakly
dependent on the cooling rate because, once the flow begins, the
system reaches a pseudoequilibrium steady state, effectively elimi-
nating the effects of thermal history (49-51). To minimize the
influence of energy release, such as temperature rise within the shear
band, additional MD simulations were conducted, where the shear
band configurations were unloaded halfway through the sample
(e.g., Fig. 4) and relaxed at 300 K (87 Appendix, Fig. S6 A-D).
Upon reloading, both MGs continued to exhibit their characteristic
SB propagation modes: sequential activation and coalescence of
multiple STZs in the hyperquenched sample versus continuous SB
propagation in the slowly cooled sample (S7 Appendix, Fig. S6 E
and F). This analysis confirms that the differences in SB propagation
are primarily attributed to the structural states induced by the cool-
ing rates, rather than being solely due to transient effects caused by
energy release during the stress drop.

Kinetics of SB Propagation. Understanding the dynamics of
initial SB propagation is essential for elucidating the mechanisms
underlying shear banding in MGs. By examining the morphological
changes of SBs segment-by-segment during propagation, we
identified significant differences between the SB propagation
behaviors in hyperquenched and slowly cooled samples.

For the hyperquenched sample, the morphology of the SBs
reveals a “stop-and-go” propagation pattern, taking approximately
175 ps to advance 10 nm (Fig. 64). This behavior results from the
activation of multiple, discontinuous STZs along the SB

https://doi.org/10.1073/pnas.2427082122

propagation path, as described earlier. Under applied stress, the
SB propagates by gradually linking these STZ regions. This mode
of propagation leads to a longer “incubation period” during SB
propagation, i.e., it takes more time to connect to the next
STZ region.

In contrast, the slowly cooled sample exhibits significantly faster
SB propagation, with 10 nm covered in only 35 ps (Fig. 6B). In
this sample, the SB advances in a continuous and stable manner,
resulting in a steady increase in propagation velocity, unlike the
intermittent propagation observed in the hyperquenched sample.
'The Inset in Fig. 6B quantifies this difference by showing the dis-
placement change of the SB (Ad = d; — dj)) (approximately 10
nm) over time for both samples, where d; is the position of the
SB at time 7, and 4}, is the initial position. This clearly illustrates
the intermittent nature of SB propagation in the hyperquenched
sample compared to the continuous progression in the slowly
cooled sample.

Fig. 6C presents the SB propagation velocity as a function of
propagation distance. Here, the SB is composed of atoms with shear
strain larger than a threshold value y. = 0.1. (We have found that
for y. 2 0.10, the morphology (and hence the kinetics) of the SB
propagation is more or less converged, see SI Appendix, Fig. S7 for
the influence of y,). Initially, the SB propagation velocity is relatively
low in both samples but increases as the SB advances. When the
SB length reaches about one-fourth (10 nm) of the sample width,
significant differences in propagation velocity emerge between the
two samples: the SBs propagate faster in the model-sample formed
at lower cooling rate. Notably, the SB propagation velocities in our
simulated MGs are somehow in between those reported in previous
simulations (52, 53) and experimental studies (54—56). This dis-
crepancy in simulations could result from differences in stress states
and measurement standards. For example, in ref. 53, the SB velocity
measured using the perturbative static loading method for a
Lennard-Jones sample with a tensile strain of 3.4% is approximately
1,000 m's™', faster than those in Fig. 6C. Differences in sample type
and load/straining conditions can lead to different velocities.
Additionally, the SB propagation velocity in the slowly cooled sam-
ple without a notch is approximately five times higher than in the
notched sample (S7 Appendix, Fig. S8). The higher stress accumu-
lated/released for SB activation/propagation results in a larger SB
propagation speed as compared to the case without a notch.

Fig. 6D illustrates the relationship between SB propagation dis-
tance and time. For samples cooled at lower rates, SB propagation
is continuous, whereas in samples with higher cooling rates, prop-
agation is intermittent, aligning with the differences in SB propa-
gation mechanism across various cooling rates. The intermittent
propagation of the SB can be divided into “incubation time,” rep-
resenting pauses in propagation, and “forward time,” representing
a period of continuous march-forward. Fig. 6E shows the ratio of
forward time to incubation time as a function of cooling rate. It is
evident that as the cooling rate decreases, the proportion of incuba-
tion time diminishes while the proportion of forward time increases,
indicating a shorter overall time required for SB propagation.

Conclusion

This study provides insights into the microscopic mechanisms
underlying SB-propagation in Mgg;Cu,5Y,; MG model samples
across the transition from “hyperquenched” states to “slowly
cooled” states. By employing a combination of MD and hybrid
MD/MC simulations, we explored the effects of sample cooling
rate on SB behavior, uncovering distinctly different propagation
mechanisms in hyperquenched and slowly cooled MGs. We find
that, in hyperquenched MGs, SB propagation is “stop-and-go”,
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Fig. 6. Kinetics of SB propagation. (A and B) Schematic representation of SB morphology as it progresses from one-fourth (10 nm) to halfway (20 nm) through
the sample. (A) Depicts the hyperquenched sample, (B) shows the slowly cooled sample. Atoms with von Mises strain less than 0.1 are removed for clarity. The
dashed boxes highlight SB progression from 10 to 20 nm within the sample. The Inset in (B) shows the displacement variation (Ad) for the two samples over
time. (C) SB propagation velocity as a function of propagation distance. (D) SB propagation distance as a function of propagation time. See S/ Appendix, Fig. S9
for results from other samples. (E) Percentages of “forward time” and “incubation time"” as functions of cooling rate, with error bars representing SD. Dashed

lines are included as visual guides.

arising from the sequential activation and coalescence of multiple
STZs interspersed with vortex-like fields ahead of the SB front.
In contrast, slowly cooled MGs exhibit continuous, rapid SB
propagation, mediated by localized shear-softening effects and
dominated by large vortex fields, reflecting a more homogeneous
response from the MG structure. It would be interesting to see in
the future whether the SB mechanisms unraveled in this work are
generic to other families of MGs.

The methodology developed and applied in this work—com-
bining advanced simulation techniques with comprehensive micro-
scopic analysis—offers a robust approach for investigating complex
deformation mechanisms in amorphous materials. This research
not only elucidates the atomic-scale processes that govern SB ini-
tiation dynamics in MGs, but also opens avenues for the controlled
manipulation of mechanical properties. In particular, the role of
MG structural states and its impact on the mechanical properties
of these materials is highlighted. Future studies can build upon
these findings to explore the broader implications of these mech-
anisms in different alloy systems and under different loading con-
ditions, thereby contributing to the design and optimization of
next-generation MGs with enhanced performance and reliability
to target specific mechanical properties and applications.

Methods

MD-Simulated Mgg;Cu,sY;, MGs. The MD simulations in this study employed
the embedded-atom-method potentials developed in ref. 39, which are well
suited for simulating amorphous Mg-Cu-Y alloys, even at relatively low cooling
rates. We generated Mg,sCu,sY;o MG samples using both a conventional MD

PNAS 2025 Vol. 122 No.27 2427082122

approach and a hybrid MD/MC method (57). For the pure MD simulations, a
standard melt-quench procedure was utilized to obtain glass samples of various
system sizes. Periodic boundary conditions were applied in all three dimensions.
Initially, a cubic box containing 10,000 atoms was heated to 1,500 K for 2 ns.
The equilibrated liquid sample was then cooled from 1,500 K to 300 K at various
cooling rates, ranging from 10°to 10" Ks™" using isothermal-isobaric ensemble
under zero pressure (58-60). Following quenching, the glass sample was further
relaxed at 300 K for 2 ns, which is sufficient to ensure convergence of the glass
properties.

Mg¢sCu,sY;, MGs Prepared by Hybrid MD/MC Approach. The hybrid MD/
MC approach utilized a novel algorithm described in ref. 57, allowing for local
atomic swaps during the MC steps, while relaxations were accounted for by the
MD integration steps. This hybrid scheme interrupts standard MD dynamics to
achieve more efficient structural relaxation. Simulations were conducted in the
variable-cell semigrand canonical ensemble with a variance parameter  set to
1,000 effectively integrated into the LAMMPS simulation package (61). The MC
temperature, which determines the Metropolis acceptance criterion, was set equal
to the MD temperature. For samples produced using the hybrid MD/MC scheme,
the resulting glass samples were further relaxed using the pure MD scheme at
300 K for 2 ns before assessing their properties.

Mechanical Deformation Simulation. To investigate SB formation, uniaxial
tension simulations were performed. A glass sample containing 10,000 atoms
was replicated 7 times along the x-axis and 14 times along the y-axis, resulting
in a larger sample with dimensions of 41.6 x 83.1 x 5.94 nm? (x-y-z) con-
taining 980,000 atoms. Previous studies have demonstrated that replicating
smaller samples does not affect the deformation behavior of MG models and
is a cost-effective approach (36). The entire process was conducted under a
zero-pressure isothermal-isobaric ensemble with periodic boundary condi-
tions. The periodic boundary condition in the x-direction was subsequently
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removed, and the sample was relaxed for 1 ns to create a free surface. The
samples were then subjected to uniaxial tension along the y-axis at a strain
rate of 2 x 107 s™" at 300 K. Atimestep of 2 fs was used in the simulations, with
a Nosé-Hoover thermostat and a barostat (58-60) to control the temperature
and pressure, respectively.

Local Structural Analysis. To characterize the local structure of the alloy, Voronoi
tessellation was employed. The local fivefold symmetry around the central atom
iis defined as fs = nsl(ny + ny + ng + ng), where n; (=3, 4,5, 6) is the number
of j edges in a Voronoi polyhedron. Atomic-scale properties such as von Mises
strain, volumetric strain, nonaffine squared displacement (D?,;,), rotation angle,
and displacement vectors were calculated and visualized using OVITO software
(62).The cutoff radius, of about 0.68 nm, was selected to encompass two nearest-
neighbor coordination shells.

Data, Materials, and Software Availability. Data generated or analyzed dur-
ing this study are included in the article and/or SI Appendix.
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