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A B S T R A C T   

The propagation of shear-bands is of utmost importance in understanding the macro and microscopic de-
formations of bulk metallic glasses (BMGs). In this study, using molecular dynamics simulations to elucidate the 
intricate atomic-scale mechanisms governing dynamic continuum shear-bands and microstructural evolution 
during deformation. This work provides compelling evidence of self-organized critical behavior, as evidenced by 
the observation of serrated 昀氀ow patterns and distributions of elastic energy density. Moreover, we unveil the 
in昀氀uence of notch length on the principal shear-band based on the steep stress drop (i.e., Δτ =τy-τs, distinct from 
serrated 昀氀ows), strength-normalized difference (i.e., Δτ/τy), and probability distribution of shear-strain. The 
effective blocking of shear bands by nanocrystal second phase can be attributed to the synergistic reinforcement 
effect of dislocations and nano-stacking faults. Finally, the analysis of the serrated 昀氀ow behavior and stress- 
increment distribution during nanoindentation establishes the connection between micromechanical behavior, 
shear-band evolution, and macroscopic mechanical properties.   

1. Introduction 

Amorphous alloys possess a distinctive microstructure characterized 
by a short-range ordered and long-range disordered arrangement, 
devoid of common defects such as grain boundaries, dislocations, and 
stacking faults. These unique structural characteristics grant bulk 
amorphous alloys exceptional mechanical properties, including high 
strength, corrosion resistance, and wear resistance [1–4]. However, the 
limited tensile plastic deformation and failure of these alloys, primarily 
attributed to the rapid propagation of shear bands, impede their po-
tential for widespread engineering applications [1,5]. Observing and 
tracking shear bands using surface and diffraction measurements pre-
sent signi昀椀cant challenges, let alone studying their atomic-scale 
behavior. 

Molecular dynamics calculations have emerged as one of the most 
effective approaches for investigating atomic-scale shear band 

propagation and microscopic-mechanical property variations. The 
OVITO analysis software is utilized to extract the motion path, 
arrangement, and comprehensive structural information of each atom in 
the system [6]. The formation of amorphous alloys generally involves 
extremely cold processing conditions, followed by the characterization 
of disorder and atomic arrangement using radial distribution functions 
(RDF), Honeycutt-Anderson bond angles, and bond-type analysis [7,8]. 
Falk et al. [9] employed molecular dynamics simulations to demonstrate 
the behavior of shear transformation zones (STZs) during deformation of 
amorphous alloys. They proposed a dynamical model for shear band 
deformation at low temperatures and determined the local strain of 
neighboring atoms using the least-squares method. Building upon this 
foundation, extensive research has been conducted on shear band evo-
lution during the deformation of bulk metallic glasses (BMGs). By 
monitoring local atomic shear strain, the evolution of shear bands can be 
classi昀椀ed into three states: (1) below 4 % strain, an elastic state and 
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homogeneous deformation with STZ initiation; (2) above 6 % strain, 
inhomogeneous deformation; (3) the critical shear strain required for 
shear band formation is 10 % [10]. The in昀氀uence of loading conditions 
on the mechanical properties and behavior of STZs in amorphous alloys 
has garnered signi昀椀cant interest. For instance, Jiang et al. [11] discov-
ered that increasing temperature weakens the mechanical properties 
while promoting STZ activation. Other researchers have explored the 
geometric factors of amorphous alloys, such as the presence of notches 
and multilayer amorphous structures. Yang et al. [12] studied the me-
chanical behavior of CuZr-based amorphous alloys with internal notches 
of varying sizes. Increasing the depth of the notch enhanced notch 
reinforcement and transformed the deformation mode from shear band 
spreading to mixed mode. Hua et al. [13] developed a nanoscale 
multilayer model of amorphous alloys with different compositions, 
Cu80Zr20 for layer A and Cu20Zr80 for layer B, and conducted molecular 
dynamics investigations of frictional-wear properties. The A/B and B/A 
layers exhibited contrasting frictional force trends with increasing 
grinding-ball depth, shedding light on the deformation mechanism of 
heterogeneous cross-sections during nano-scratch processes. To gain 
further insight into the limited ductility of amorphous alloys, several 
nanoscales second phases were introduced into the model. Song et al. 
[14] examined the mechanical properties of a nanometer-layered ma-
terial composed of alternating amorphous and crystalline layers. They 
found that, for a 昀椀xed crystalline layer thickness, the yield strength 
increased as the amorphous layer thickness decreased, consistent with 
the Hall-Petch relationship, and that deformation behavior was gov-
erned by shear banding. In the 2010s, the transformation-induced 
plasticity (TRIP) effect was introduced into amorphous alloys to 
enhance their ductility. Subsequent molecular dynamics studies have 
shown remarkable growth in this 昀椀eld [15–19]. Wang et al. [19] 
investigated the in昀氀uence of uniformly distributed spherical B2 phase on 
the mechanical properties of CuZr-based amorphous composites. Their 
昀椀ndings revealed the activation of multiple shear bands due to the 
property mismatch between the B2 phase and the amorphous phase, and 
demonstrated the inhibitory effect of the B2 phase on the main shear 
band. In summary, the research focus of molecular dynamics studies on 
amorphous alloys has expanded from studying loading conditions and 
structural factors to encompass the in昀氀uence of crystalline second 
phases in both stable and metastable states. However, these studies have 
predominantly focused on macroscopic properties, with limited atten-
tion paid to the nucleation and propagation of shear bands, which 
cannot be quantitatively analyzed solely based on shear band 
morphology. 

Based on the aforementioned challenges, the serrated-昀氀ow phe-
nomenon elucidates the initiation and propagation of shear bands at the 
microscale [20]. Zhu et al. [21] conducted a study on the Cu55.7Zr22.4-
Ni7.2Al4.7 amorphous alloy to investigate the in昀氀uence of compressive 
strain rate on its plastic deformability and serrated-昀氀ow behavior. The 
serrated 昀氀ow behavior was found to exhibit two distinct stages. In the 
昀椀rst stage, the uniformity of the serrated 昀氀ow is independent of the 
strain rate, whereas in the second stage, the 昀氀ow transitions from a 
uniform to an inhomogeneous state due to shear band interactions. 
Nanoindentation serves as an effective technique for examining the 
serrated-昀氀ow behavior in amorphous alloys. Liao et al. [22] explored the 
impact of loading rates on the occurrence of serrated 昀氀ow using nano-
indentation. The results demonstrated that lower strain rates tend to 
trigger more pronounced serrations, whereas higher strain rates pro-
mote larger stress increments or abrupt stress drops in the serrated 昀氀ow. 
These observations can be attributed to the development of a liquid-like 
region within metallic glasses. The increments in strain and stress during 
each serration signify the nucleation and growth of one or multiple shear 
bands, as well as their interactions [23,24]. Furthermore, researchers 
have discovered that the serrated 昀氀ow not only manifests shear bands 
but also elucidates self-organized critical behavior [25]. This behavior 
can be exempli昀椀ed by the sand pile model, in which sand accumulates 
when its inclination is below a critical threshold and collapses once it 

surpasses that threshold—a phenomenon known as self-organized crit-
ical behavior [26]. In amorphous alloys, the threshold corresponds to 
large-scale avalanches, speci昀椀cally the spreading of main shear bands. 
Critical states preceding the occurrence of these avalanches typically 
arise at high strain rates, resulting from the interaction between the 
elastic strain 昀椀elds of existing and newly-formed shear bands, which 
involves a substantial number of shear bands [27]. Enhancing the 
ductility of amorphous alloys can be achieved by delaying the onset of 
this threshold. 

Additionally, the crystalline second phase is known to play a crucial 
role in reinforcing amorphous alloys. For instance, Wang et al. [28] 
demonstrated the ductility-enhancing effect of a crystalline Ni foam on 
BMGs through numerical calculation studies, showing signi昀椀cant 
dependence on the volume fraction. Liu et al. [29] successfully adjusted 
the size and homogenization of crystal particles by varying the Ta 
element content. They also showed that the crystalline second phase 
effectively blocked shear band and crack propagation, leading to 
excellent tensile properties. Ma et al. [30] revealed that the morphology 
and propagation of shear bands depended on the strength, lattice type, 
and volume fraction of the second phase. While previous research has 
focused on the shear-band evolution around the second phase, little 
attention has been given to the behavior of the crystal phase under shear 
forces without severe deformation. Recently, a method has been pro-
posed to effectively overcome the strength-ductility trade-off by pre-
paring nanoscale crystalline and amorphous composite materials. For 
instance, Ming et al. [31] fabricated a three-dimensional bicontinuous 
crystalline-amorphous nanostructure (3D-BCAN) with micron-sized 
equiaxed grains in a TiZr-based alloy using techniques such as melt 
spinning, copper mold suction casting, and arc melting. In-situ tensile 
and compressive experiments showed that BCANs exhibited superior 
uniform elongation (~7.0 %), tensile strength (~2.3 GPa), and yield 
strength (~1.8 GPa) compared to the amorphous and crystalline phases. 
This behavior was attributed to the additional strain hardening imposed 
by the amorphous phase on the crystalline phase, as well as the early 
suppression of shear band propagation in the amorphous phase by the 
crystalline phase. Wu et al. [32] fabricated a dual-phase material 
composed of a nano-crystalline core embedded in an amorphous matrix, 
where Mg was incorporated onto the amorphous matrix, via magnetron 
sputtering. This material exhibited a strength close to 3.3 GPa. 

The aim of this study is to investigate the deformation behavior of 
amorphous alloys under different conditions. Molecular-dynamics sim-
ulations are employed to examine the effects of various factors, 
including loading rate, temperature, notch-geometry parameters, nano- 
second phase size, and nano indenter size, on Cu50Zr50 amorphous alloys 
prepared by the extreme cold method. The mechanical behavior of 
amorphous alloys under different loading conditions is analyzed by 
varying the tensile strain rate and loading temperature, speci昀椀cally 
focusing on serrated 昀氀ow and self-organized critical behavior. Addi-
tionally, models of amorphous alloys with single-sided notches of 
different geometrical parameters have been prepared to study the in-
昀氀uence of these factors on shear-band evolution and mechanical prop-
erties. Various analysis techniques, such as shear-strain-distribution 
plots, stress-strain curves, and shear-strain-probability distribution 
plots, are utilized. The introduction of a nanoscale second phase is also 
investigated, both in terms of percolation within the amorphous matrix 
and its synergistic resistance to shear deformation in conjunction with 
dislocations and nano-stacking faults. Furthermore, the behavior of 
shear bands and serrated 昀氀ow during nanoindentation of amorphous 
alloys is examined, and the relationship with shear-band evolution is 
established through an analysis of stress increment distributions. This 
provides a link between macroscopic mechanical properties, shear 
bands, and microscopic mechanical behavior. 

2. Simulation methods 

Molecular dynamics simulations were conducted using the Lammps 
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software with the embedded atomic method (EAM) [33,34]. Nanoscale 
models of pure amorphous alloys, notched amorphous alloys, and 
amorphous composites containing a pure copper second phase were 
prepared, as shown in Fig. 1. The effects of temperature, strain rate, 
notch geometry, and second phase size on the mechanical behavior and 
shear-band evolution of amorphous alloys were investigated. The tem-
perature and strain rate variation models consisted of 34,816 atoms in a 
plate model with dimensions of 28 nm × 13 nm × 1.6 nm. The notched 
and nanoindentation models consisted of 83,200 atoms (measuring 43 
nm × 21 nm × 1.6 nm) and 770,560 atoms (measuring 71.3 nm × 465.5 
nm × 4.1 nm), respectively. The modeling process was carried out as 
follows:  

(1) Modeling of the amorphous alloy: Atomsk software was used to 
arrange 83,200 copper and zirconium atoms according to the B2 
phase structure, creating a plate model measuring 42 nm × 20 
nm × 1.5 nm. The model was set with periodic boundaries in the 
x, y, and z directions, with zero pressure, and a time step of 0.002 
ps. Firstly, the energy was minimized using the conjugate 
gradient method [35], followed by a relaxation period of 200 ps 
at a temperature of 2100 K under constant-pressure, con-
stant-temperature ensemble (NPT) conditions. This relaxed the 
system and allowed for uniform distribution of atoms. Subse-
quently, the model was cooled to 50 K at a rate of 2 K/ps, serving 
as the subsequent stretching temperature, which could be 
adjusted based on the speci昀椀c model requirements. The amor-
phous alloy model with periodic boundary conditions was ob-
tained by performing NPT relaxation for 200 ps at 50 K to bring 
the system to equilibrium. For velocity stretching, the boundary 
conditions were changed to periodic in the x direction and sys-
tolic in the y and z directions using the change-box command. An 
additional 200 ps of NVT (canonical ensemble) relaxation was 
performed. Moreover, for nanoindentation simulations, the 
boundary conditions were changed to periodic in the x and y 
directions, and systolic in the z direction (p s), followed by 100 ps 
of NVT relaxation.  

(2) Modeling of the notch, composites, and nanoindentation: The 
notch model involves deleting the atoms in the notch region. 
Afterward, it undergoes relaxation for 200 ps under NPT condi-
tions until the system reaches equilibrium. To create the 
composite-material model, a 42 nm × 20 nm × 1.5 nm pure Cu- 
plate model is initially established. Then, the second phase is 
prepared by removing speci昀椀c atoms. The corresponding va-
cancies are cut out on the amorphous plate model, and the second 
phase is spliced together with the parent phase. The combined 
model undergoes a 200 ps NPT relaxation to achieve equilibrium. 
For the nanoindentation models with a larger size, the direct 
preparation process is time-consuming due to the increased 
number of atoms. To address this, an amorphous model of the 
entire quarter size is built. Then, it is duplicated twice in the 
length and thickness directions. Finally, NPT relaxation is per-
formed to achieve equilibrium.  

(3) Uniaxial stretching and nanoindentation processes: The uniaxial 
stretching experiments involve employing velocity stretching to 
impose controlled deformation on the material. The upper and 
lower ends of the sample are 昀椀xed at a distance of 1 nm, and the 
stretching is performed under NVT (constant number of particles, 
volume, and temperature) conditions. By modifying the bound-
ary condition to periodic in the x direction and systolic in the y 
and z directions, the velocity stretching method effectively re-
veals the development of shear bands within the material. A 
tensile rate of 0.8 × 108 s − 1 is applied to both the notch and 
composite models to capture the material’s deformation 
behavior. These models are tensile tested at a temperature of 50 
K, allowing for enhanced characterization of the deformation 
response [36]. The nanoindentation experiments are carried out 
under controlled conditions, involving a temperature of 50 K and 
NVT relaxation. Semicircular indenters with diameters of 15 nm 
and 10 nm are employed to apply controlled indentation forces 
on the atoms. The force-displacement relationship is governed by 
the equation: 

Fig. 1. Schematic diagram of the amorphous-alloy model used in molecular-dynamics simulations. Where the gray area shows the amorphous matrix phase, and the 
pink area represents the second phase. The dimensions of each model are different, as detailed in Section 2. (a) The pure amorphous-alloy model; (b) Notched model, 
where the notch length and width can be adjusted; (c) BMG-composite model with the adjusted volume fraction by changing the diameter of the nano-second phase. 
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F(r) = −K(r − R)2 (1)   

Here, K represents the force constant, set to 3.3 eV/Å3 in this study, r 
represents the radial distance from the atom to the axis of the indenter, 
and R denotes the radius of the indenter. The morphology of the 
resulting shear bands and any associated changes in the crystal structure 
are visualized and analyzed using the OVITO software, consistent with 
previous 昀椀ndings [37,38]. This study utilizes the Cu-Zr embedded atom 
method (EAM) potential developed by Mendelev [39], which is exten-
sively employed in numerous amorphous simulations involving 
CuZr-based systems and demonstrates a consistent trend with experi-
mental observations, thereby af昀椀rming the effectiveness of this 
approach and indicating a relatively small level of systematic errors 
[40–46]. To address random errors, key simulations are repeated twice. 

3. Results and discussion 

3.1. Structural study of amorphous alloys 

The radial distribution function (RDF) analysis has proven to be an 
effective method for studying the structural characteristics of CuZr- 
based amorphous alloys. In Fig. 2(a), the RDF curve reveals distinct 
features of the alloy’s structure in different phases, including crystalline, 
amorphous, and liquid states [47]. At a temperature of 300 K, the 
amorphous alloy exhibits a sharp and intense peak in the RDF, indi-
cating a high degree of order in the nearest neighboring atoms. This is 
attributed to the low thermal agitation at lower temperatures and the 
strong retention of the liquid phase structure in the solid phase due to 
rapid cooling rates. The increased intensity and narrowing of the 昀椀rst 
peak suggest an increase in coordination number and enhanced order-
liness of neighboring atoms. Observations of the RDF at 1000 K and 
lower temperatures reveal a noticeable splitting peak, which becomes 

Fig. 2. Evolution of the atomic structure of CuZr alloys during the process from 2100 K extreme cold to 300 K. (a) The radial distribution function (RDF) during the 
cooling process of CuZr-based amorphous alloys; (b) The bond-angle distribution function during the cooling process of CuZr-based amorphous alloys. 

Fig. 3. Average atomic volume and atomic potential-energy curves for a Cu50Zr50 amorphous alloy with cooling from 2100 K to 300 K. Where the intersection of the 
tangent lines before and after the change in slope is the glass-transition temperature. (a) average atomic-potential energy; (b) average atomic volume. 
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more pronounced as the temperature decreases. This splitting phe-
nomenon is a characteristic feature during the formation of amorphous 
alloys [48]. The determination of the amorphous structure also relies on 
the analysis of the bond-angle distribution. Short-range ordered 

structures, such as icosahedral clusters, are indicative of amorphous 
alloys’ atomic packing arrangements [49]. In the face-centered cubic 
structure, peaks are observed at angles of 60ç, 90ç, and 120ç, while in 
the body-centered cubic structure, peaks appear at 70.5ç and 109.5ç. 

Fig. 4. The shear-strain-distribution plot of a Cu50Zr50 amorphous alloy with the temperature at 50 K and strain rate at 0.8 × 108s−1. As the macroscopic strain 
increases, the shear strain is concentrated in one band, i.e., the main shear band. 

Fig. 5. Shear-strain plots of CuZr-based amorphous alloys at different temperatures and loading rates. (a) macroscopic strain at 8 %; (b) macroscopic strain at 10 %. 
The high temperature and strain rate induce multiple shear bands. 
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Icosahedral structures exhibit peaks at 63.4ç and 116.6ç. As seen in 
Fig. 2(b), the bond-angle distribution of the amorphous structure shows 
an increasing trend compared to the liquid-phase structure at room 
temperature, with the peaks approaching those of the standard icosa-
hedron. The presence of shoulder peaks indicates a higher degree of 
order, suggesting a propensity for the formation of icosahedral struc-
tures during the transition from the extremely cold liquid phase to the 
solid phase [50]. 

In Fig. 3, the temperature-dependence curves depict the average 
atomic volume and the average atomic potential energy of CuZr-based 
amorphous alloys in the temperature range of 2100 K to 300 K. As the 
temperature decreases, the amplitude of thermal vibrations decreases, 
leading to a reduction in both the average atomic volume and potential 
energy. The process of crystallization is considered a primary phase 
transition, which often involves a change in volume. In contrast, the 
formation of the amorphous phase represents a secondary phase tran-
sition, characterized by a change in slope rather than a sudden change in 
volume. The transition from the liquid phase to the amorphous phase is 
indicated by a change in slope occurring at around 870 K, which cor-
responds to the glass-transition temperature. Therefore, the RDF, bond- 
angle distribution, and average atomic potential energy curves collec-
tively validate the establishment of the CuZr-based amorphous alloy 

model. 

3.2. Mechanical properties of amorphous alloys at different temperatures 
and tensile rates 

In this section, tensile simulations were conducted on CuZr-based 
amorphous alloys at three different strain rates and temperatures. Spe-
ci昀椀cally, three temperature levels of 50 K, 300 K, and 600 K were 
selected, along with three strain rate levels of 0.8 × 108s−1, 4 × 108s−1, 
and 8 × 108s−1 at each temperature. The shear-strain distribution dia-
grams for different temperatures and strain rates are shown in Figs. 4 
and 5, demonstrating various degrees of shear-strain concentrations 
resulting from different loading conditions. The process of shear-band 
formation is exempli昀椀ed at a temperature of 50 K and a strain rate of 
0.8 × 108s−1. As depicted in Fig. 4, a small amount of a Shear Trans-
formation Zone (STZ) is observed on the surface of the amorphous alloy 
at low levels of macroscopic strain. With an increase in macroscopic 
strain to 6 %, the shear-transition zone exhibits the prototype of a shear 
band. As the macroscopic strain exceeds 8 %, the amorphous alloy un-
dergoes signi昀椀cant deformation along a single main shear band. The 
process of shear-band expansion in amorphous alloys corresponds to the 
three stages of tensile deformation, with STZ being rarely formed in the 

Fig. 6. The stress-strain curves of the Cu50Zr50 amorphous alloy at different temperatures and strain rates, which have a signi昀椀cant serrated 昀氀ow behavior. (a) T =
50 K; (b) T = 300 K; (c) T = 600 K. 
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elastic-deformation stage, the alloy relying mainly on STZ in the plastic 
deformation stage albeit for a short duration, and the failure stage being 
primarily attributed to the rapid propagation of shear bands [51]. 

The shear-strain distribution diagrams at macroscopic strains of 8 % 
and 10 % are shown in Fig. 5, allowing for a more detailed comparison of 
the shear-band evolution under different loading conditions. Analyzing 
the effects of various strain rates on the shear band evolution at a 
temperature of 50 K, it is evident that the concentration of Shear 
Transformation Zones (STZs) decreases with increasing strain rates, and 
the formation of the main shear band is delayed. Additionally, the 
impact of different temperatures on the shear band evolution at the same 
loading rate can be examined. The shear-strain distribution diagram 
reveals that as the temperature increases, the localization of STZs de-
creases, favoring the formation of multiple shear bands. The formation 
of shear bands in amorphous alloys is attributed to thermal 昀氀uctuations 
that provide suf昀椀cient energy for local atomic clusters to overcome the 
potential barrier for shear deformation. Therefore, the increase in tem-
perature enhances the thermal vibration of atoms, facilitating STZ for-
mation and leading to the occurrence of multiple shear bands [52]. As a 
result of more dispersed STZs, the strain generated during the tensile 
process may be more evenly distributed among multiple shear bands, 

resulting in a signi昀椀cant increase in the strain rate. The stress-strain 
curves for CuZr-based amorphous alloys at different temperatures and 
strain rates are depicted in Fig. 6. With an increase in the loading rate, 
the fracture strength of the amorphous alloy continuously increases, and 
the plastic deformation ability also exhibits an upward trend. This 
phenomenon can be explained by considering the distribution of shear 
bands mentioned earlier. The higher strain rate converts plastic work 
into heat in a short period, leading to a sudden increase in thermal vi-
bration of the atoms and activating more STZs [53]. 

Moreover, the avalanche behavior of stress drop (associated with the 
formation of main shear bands, not the serrations) becomes more 
prominent at lower strain rates for amorphous alloys, as indicated by the 
blue line in Fig. 6(a). Comparing the stress-strain curves at different 
temperatures, CuZr-based amorphous alloys demonstrate higher yield 
strength, fracture strength, and elastic modulus, as well as more sig-
ni昀椀cant avalanche behavior at lower temperatures. This can be attrib-
uted to stronger atomic bonding at low temperatures and a lower degree 
of thermal activation, requiring higher external forces to induce shear 
band formation. Furthermore, the serrated 昀氀ow behavior observed in 
the stress-strain curve indicates that higher temperatures correspond to 
higher vibration frequencies, with each vibration representing the 

Fig. 7. The elastic-energy density of the Cu50Zr50 amorphous alloy at strains between 6% and 8% with different temperatures and strain rates is plotted statistically. 
(a) T = 50K, Ûε= 0.8 × 108s−1; (b) T = 300 K, Ûε= 0.8 × 108s−1; (c) T = 600 K, Ûε= 0.8 × 108s−1; (d) T = 300 K, Ûε= 8 × 108s−1. 
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nucleation of a shear band and the amplitude denoting the extent of 
shear band expansion [54,55]. 

To study the formation and propagation of shear bands, a segment of 
the pre-failure stress-strain curve was selected to examine the behavior 
of serrated 昀氀ow. The stress-strain curves and corresponding statistical 
distribution of elastic energy density for the Cu50Zr50 amorphous alloy 
were presented in Fig. 7, encompassing macroscopic strains ranging 
from 6 % to 8 % under different temperatures and strain rates. CuZr- 
based amorphous alloys exhibit signi昀椀cant elastoplastic deformation 
behavior, manifested by pronounced serrated 昀氀ow after elastic defor-
mation [56]. Upon comparing the magni昀椀ed stress-strain curves, it is 
evident that the amplitude and frequency of the serrated 昀氀ow behavior 
are greatly in昀氀uenced by the temperature and strain rate during tensile 
deformation. Lower temperatures and higher strain rates result in 
reduced amplitude and frequency. As previously discussed, the fre-
quency and amplitude of serrations serve as indicators of shear band 
formation and expansion, capturing the avalanche phenomenon 
involving shear band coalescence and release of elastic energy. To 

quantitatively investigate the critical self-organization behavior of shear 
bands, the elastic energy density of serrations is recorded using the 
following formula [25]: 

Δδ=
1

2
Δσ × Δε (2) 

Here, Δσ represents the stress increment of the serration, and Δε 

represents the strain increment of the serration, as depicted in Fig. 16. At 
a temperature of 50 K, the elastic energy density is primarily distributed 
within the range of 0 to 0.004. With increasing temperature, more ser-
rations with higher elastic energy density are formed. This implies that 
higher temperatures provide suf昀椀cient energy for the transition of 
atomic clusters to shear bands, facilitating their expansion. The presence 
of a signi昀椀cant number of serrations with low elastic energy density 
indicates that higher strain rates impede the prompt release of energy 
within the elastic strain 昀椀eld, promoting the occurrence of secondary 
shear bands [Fig. 7(d)]. The elastic strain 昀椀eld formed by both new and 
pre-existing shear bands facilitates the transition of the amorphous alloy 

Fig. 8. Shear strain distribution plots of the Cu50Zr50 amorphous alloy at different notch lengths when the notch width is 10 Å. (a) macroscopic strain at 2 %; (b) 
macroscopic strain at 4 %; (c) macroscopic strain at 6 %; (d) macroscopic strain at 8 %. 
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from plastic dynamics to self-organized critical behavior [27]. Accord-
ing to Fig. 7(b) and (d), lower strain rates allow the elastic strain 昀椀eld to 
have suf昀椀cient time to release energy, thereby minimizing the interac-
tion between shear bands, and the plastic deformation is in a chaotic 
state. In high-temperature deformation of amorphous alloys, the in-
crease in thermal energy of atoms or molecules leads to enhanced 
amplitude and frequency of thermal vibrations, causing the evolution 
process of local structure, macroscopic deformation, and microscopic 
strain 昀椀eld in the amorphous alloy to become highly complex, thus 
resulting in chaotic states as shown in Fig. 7(a) and (c). Conversely, 
higher strain rates are not conducive to the full expansion of shear bands 
and may lead to the formation of more numerous small-scale shear 
bands. These results are consistent with previous studies [57]. 

3.3. Effect of notch size on the mechanical behavior and shear-band 
evolution of amorphous alloys 

The mechanical behavior and shear-band evolution of the Cu50Zr50 
amorphous alloy with unilateral notching during uniaxial stretching 

were simulated using molecular dynamics, establishing the connection 
between shear bands and mechanical properties. The shear-strain dis-
tribution diagrams of the CuZr-based amorphous alloy at different notch 
lengths were displayed in Fig. 8. Initially, at a macroscopic strain of 2 %, 
a small amount of shear transformation zones (STZ) is dispersed on the 
alloy’s surface. Increasing the macroscopic strain results in concentrated 
STZ near the notch. With further loading strain, models with larger 
notch lengths form more complete single shear bands. When the 
macroscopic strain exceeds 8 %, all models have formed mature shear 
bands, with the maturity increasing with the notch length. This phe-
nomenon can be attributed to notch-induced stress concentrations, 
which enhance atomic movement and facilitate crossing the potential 
energy barrier, leading to STZ formation. Additionally, at a macroscopic 
strain of 4 %, there is a tendency to form multiple shear bands due to the 
second-notch effect, where the plate sample transitions from a double- 
force corresponding state to a three-dimensional stress state [58,59]. 
However, the rapid nucleation and expansion of one shear band does not 
provide additional ductility bene昀椀t to the amorphous alloy. Further-
more, the effect of different notch widths on tensile plasticity and 

Fig. 9. Shear strain distribution plots for Cu50Zr50 amorphous alloy at different notch widths with the notch length is 45 Å. (a) macroscopic strain at 4 %; (b) 
macroscopic strain at 6 %; (c) macroscopic strain at 8 %. 
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shear-band morphology was investigated by 昀椀xing the notch length at 
45 Å, as presented in Fig. 9. The formation of shear bands can be 
effectively delayed when the notch width reaches 30 Å. This trend can 
be attributed to the larger width inducing more shear bands under the 
three-dimensional stress state and delaying the formation of a single 
main shear band. 

Fig. 10 displays the stress-strain curves of the Cu50Zr50 amorphous 
alloy with different notch sizes. The stress-strain curves provide insights 
into the distribution of shear bands, with larger notches leading to 
earlier onset of avalanche behavior. The steep stress-drop value (Δτ = τy 
- τs, distinguishing it from the weak stress drop in serrated 昀氀ow), yield 
strength (τy), and relative steady-state strength (τs) decrease. Here, τy 
represents the stress required for plastic deformation, while τs denotes 
the strength of shear band spreading in amorphous alloys [60]. The 
decrease in stress drop is attributed to the increased notch length and 
decreased shear band extension length. Furthermore, the maximum 
shear strain values of each model at a macroscopic strain of 6 % were 

extracted, which were 0.32, 0.34, 0.79, 1.30, and 1.56, respectively, 
indicating the in昀氀uence of notch length on shear band nucleation and 
propagation. Study on notch widths shows that increasing width does 
not signi昀椀cantly reduce the tensile strength. However, widths greater 
than 30 Å weaken the avalanche effect, which corresponds to the syn-
ergistic deformation behavior of multiple shear bands. It is important to 
note that the simulated tensile strengths are higher than the actual 
tensile strength due to several factors: (1) The tensile strain rate used in 
the simulations is higher than the actual rate, as the actual rate would 
exceed the capability of molecular dynamics calculations. (2) A tem-
perature of 50 K was used in this work to prevent issues related to atomic 
motion caused by temperature 昀椀elds [60]. (3) The simulations were 
conducted under ideal conditions, disregarding defects, pores, and other 
factors. 

As presented in Fig. 11, the yield strength, relative steady-state 
strength, stress drop and normalized difference of strength (Δτ/τy) all 
show a decreasing trend with the increase of notch length. Meanwhile, 
the increase of notch width makes Δτ and Δτ/τy increase 昀椀rst and then 
decrease, where Δτ/τy represents the trend of strain localization [61]. In 
the above phenomena, the slight decrease of a strain-localization trend 
caused by the increase of notch length may be due to the decrease of 
shear-band length, and the in昀氀uence of width increase on the localiza-
tion trend is consistent with the above analysis. Figs. 12 and 13 present 
the maximum shear strain diagram and shear strain probability distri-
bution diagram, respectively, for the Cu50Zr50 amorphous alloy across 
varied notch sizes. Initially, an increase in notch length leads to a 
continuous rise in both the magnitude of shear strain and the probability 
of encountering larger shear strains, indicating an expanding shear band 
effect, as illustrated in Fig. 12(b)–(f). Subsequently, the maximum shear 
strain corresponding to different macroscopic strains was plotted in the 
maximum shear strain diagram, with a spline curve 昀椀tted to the dotted 
line in Fig. 12(a). The graph clearly depicts a consistent increase in the 
maximum shear strain value with the rise in macroscopic strain, while 
the increasing trend is exacerbated with greater notch length. This 
昀椀nding once again con昀椀rms the promotive role of notch length in the 
nucleation and growth of shear bands, while concurrently compro-
mising the strength and plasticity of amorphous alloys. Observing 
Fig. 13, a subtle decrease in both high strain probability and maximum 
shear strain is observed with increasing notch width. This behavior can 
be ascribed to the formation of multiple shear bands, aligning with the 
analysis of shear band morphology and stress-strain curves. 

Fig. 10. The stress-strain curves of the Cu50Zr50 amorphous alloy at different notch sizes. (a) Variation of notch length; (b) Variation of notch width.  

Fig. 11. The plots of yield strength (τy), relative steady-state strength (τs), steep 
stress drop values (Δτ = τy - τs), and normalized difference in strength (Δτ/τy) 
for the Cu50Zr50 amorphous alloy at different notch sizes. The two red curves 
correspond to the left ordinate and the two purple curves correspond to the 
right ordinate. 
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Fig. 12. Statistical plots for the maximum shear strain and probability charts of the shear strain at a macroscopic strain of 6 % at different notch lengths for the 
Cu50Zr50 amorphous alloy, ignoring the shear strain less than 0.02. (a) Plot of the maximum shear strain with increasing the macroscopic strain; The probability 
diagram of shear strains with notch lengths, including 0 Å (b), 15 Å (c), 30 Å (d), 45 Å (e), and 60 Å (f). 
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3.4. Nanoindentation behavior of amorphous alloys 

This section aims to compare the impact of different indenter sizes 
and loading speeds on the distribution of shear bands in the amorphous 
alloy and analyze the correlation between serrated-昀氀ow behavior and 
shear band evolution. Fig. 14(a) and (b) portray the shear-strain cloud 
diagrams of the CuZr-based amorphous alloy under the same loading 
speed but with different indenter sizes. It can be observed that the 
indenter with a diameter of 10 nm exhibits a more pronounced effect on 
the initiation of shear bands in the early stage of the indentation process 
compared to larger indenters. This could be attributed to the smaller 
indenter resulting in the formation of a stress concentration area, where 
the stress 昀椀eld dominates the nucleation and expansion of shear bands. 
As a result, the shear bands form at a 45ç angle with respect to the 
downward pressure direction and concentrate beneath the indenter 
[62]. Furthermore, the shear bands formed during nanoindentation take 
on an arched shape rather than a straight line. This phenomenon can be 
explained by the shear bands forming in response to alleviate the stress 
昀椀eld effect. It is important to note that the formation of shear bands 
releases a signi昀椀cant amount of heat energy, which is rapidly dissipated 
by the amorphous parent phase. Localized heat treatment and atomic 
rearrangement might potentially induce crystallization within the shear 

bands, thereby impeding their expansion and enhancing ductility. 
However, no evidence of crystallization was found in this study [63,64]. 
When comparing the model with a loading speed of v = 0.1 Å/ps to the 
one with v = 0.5 Å/ps, it was observed that the former exhibits a higher 
density of shear bands. This phenomenon cannot be solely explained by 
the shear-strain cloud diagram and will be elaborated in more detail in 
the subsequent analysis of the serrated 昀氀ow behavior. 

Fig. 15 illustrates the displacement load curves of CuZr-based 
amorphous alloys, employing different indenter sizes and loading 
speeds. All three curves exhibit prominent serrated-昀氀ow behavior. In 
comparison to the Dindenter = 15 nm case, the smaller indenter exhibits 
higher frequency and amplitude of serrations during the initial loading 
stage. These frequency and amplitude variations correspond to the 
nucleation and expansion of shear bands, consistent with the shear- 
strain-cloud diagram’s 昀椀ndings. Furthermore, a lower pressing speed 
induces a more pronounced serrated-昀氀ow behavior, as depicted in 
Fig. 15. Beyond a loading depth of 3 nm, there is a signi昀椀cant increase in 
both frequency and amplitude. This indicates that the nanoindenter’s 
size and loading rate signi昀椀cantly in昀氀uence the observed serrated-昀氀ow 
behavior. 

Due to the presence of long-range disorder and short-range order 
microstructure, the plastic 昀氀ow behavior of bulk metallic glasses is 

Fig. 13. Statistical plots for the maximum shear strain and probability charts of the shear strain at a macroscopic strain of 6 % at different notch widths for the 
Cu50Zr50 amorphous alloy, ignoring the shear strain less than 0.02. (a) Plot of the maximum shear strain with increasing the macroscopic strain; The probability 
diagram of shear strains with notch widths, including 20 Å (b), 30 Å (c), and 40 Å (d). 
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predominantly governed by the displacement and propagation of shear 
bands. The magnitude of the stress drop observed during serrated 昀氀ow 
re昀氀ects both the relaxation of elastic energy and the length of the shear 
band [65]. Fig. 16 presents the statistical distribution of stress in-
crements plotted against the magnitude of stress increment for the 
serrated 昀氀ow regime between displacements of 3.5 nm and 4.0 nm, as 
shown in Fig. 15. Comparing the case with a 10 nm diameter indenter to 
the Dindenter = 15 nm case, it is evident that the smaller indenter ac-
tivates a larger stress increment, which is consistent with the 昀椀ndings 
from the shear-strain-cloud diagram. Huang et al. [66,67] reported that 
the formation of shear bands during nanoindentation experiments may 
not depend on the loading rate, but rather on the relative passivation of 
the Berkovich indenter. Similarly, in our study, the use of a larger 
diameter indenter induces a weaker stress 昀椀eld, resulting in a less 

pronounced sensitivity to the loading rate. Slower loading rates lead to 
the activation of more serrations, primarily concentrated in the stress 
range of 0 to 20 MPa. This suggests the formation of a greater number of 
shear bands, although their extent of propagation is relatively limited. 
These observations challenge the currently utilized shear-band propa-
gation dynamic (SBPD) model, which assumes that the shear band 
propagation rate exceeds the indenter’s loading rate, allowing for the 
production of serrated 昀氀ow with signi昀椀cant stress increments [68]. The 
semi-circular indenter used in this study does not possess sharp corners, 
thereby lacking the ability to generate a strong enough elastic-strain 
昀椀eld to induce large-scale shear avalanches within the amorphous ma-
trix [20]. Instead, the elastic-strain 昀椀eld associated with the primary 
shear bands promotes the formation of secondary shear bands, ulti-
mately leading to the occurrence of high-frequency serrated-昀氀ow 
behavior. 

3.5. Role of a nanoscale second relative shear band 

In recent years, there has been signi昀椀cant interest in investigating 
the nano-crystallization of amorphous alloys as a means to enhance their 
mechanical properties. In the study conducted by Fan et al. [69], 
Zr-based amorphous alloys with nanocrystalline grains were prepared 
using arc melting and vacuum casting techniques under an argon at-
mosphere. The results demonstrated that the strength and plasticity of 
the alloys increased with an increasing volume fraction of nanocrystal-
line grains, reaching maximum plasticity during the early stages of 
nano-crystallization. However, the underlying mechanisms responsible 
for the improvements in strength and ductility achieved by nano-
crystalline grains have received limited attention. In this section, the 
introduction of a nano-scale Cu crystal phase into CuZr-based amor-
phous alloys through atom substitution was investigated to study the 
impediment it poses to shear bands and other strengthening effects 
during uniaxial tensile testing. The shear-strain cloud diagrams for the 
amorphous composites containing the nano-scale Cu crystal second 
phase are presented in Fig. 17. It can be observed that multiple shear 
bands are formed in all three amorphous composites, with an increasing 
trend of multiple shear bands as the size of the second phase increases. 
Moreover, an increase in the size of the second phase effectively reduces 

Fig. 14. Distribution of shear strain in the Cu50Zr50 amorphous alloy under different indenter sizes and pressing rates. (a) Dindenter = 10 nm, v = 0.5 Å/ps; (b) 
Dindenter = 15 nm, v = 0.5 Å/ps; and (c) Dindenter = 15 nm, v = 0.1 Å/ps. 

Fig. 15. Load-displacement curves of the Cu50Zr50 amorphous alloy with 
different indenter sizes and pressing rates. 
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both the intensity and quantity of shear strains. These observations can 
be attributed to the percolation effect, whereby the localized 
non-coordinated deformation induced by an increased volume fraction 
of the second phase leads to enhanced stress concentration at the in-
terfaces between the amorphous and crystal phases. Consequently, this 
facilitates a substantial extension of shear bands [70]. Fig. 17(a) illus-
trates the tensile stress-strain curves of the amorphous composites with 
different sizes of the second phase. Both the amorphous alloys without a 
second phase and those with a diameter of 2 nm for the second phase 
exhibit distinctive avalanche behavior, characterized by a signi昀椀cant 
stress drop phenomenon. This avalanche phenomenon corresponds to 
the formation and propagation of the primary shear band. Conversely, 
nanograin diameters exceeding 3 nm do not display a sharp decrease in 
stress and can maintain a high level of strength. This trend can be 
attributed to the uniform distribution of strain across multiple shear 
bands, resulting in a more homogeneous deformation that effectively 
delays the inherent instability of the amorphous alloy. Additionally, the 
shear-strain cloud diagram reveals a tendency for necking. However, it 
should be noted that necking is not an inherent failure mechanism of 
amorphous alloys alone, and thus can be solely attributed to the pres-
ence of the nano-scale second phase. 

To further investigate the in昀氀uence of nanocrystals on shear bands, 

the present study examines the evolution of crystal structures, disloca-
tion line lengths, and shear band morphology in soft copper crystals 
during the stretching process. Speci昀椀cally, a second-phase material with 
a diameter of 4 nm is utilized as an example. Fig. 18(b) shows a decrease 
in dislocation line lengths with increasing macroscopic strain. The 
progression of dislocations, crystal structures, and shear bands in the 
center of the amorphous composites provides a clear illustration of the 
dislocation reduction process, as depicted in Fig. 19. Moreover, an 
analysis of the crystal structure using common neighbor analysis (CNA) 
reveals a signi昀椀cant increase in the formation of stacking faults, 
accompanied by a decrease in dislocations, as shown in Fig. 19(a) and 
(b). From these 昀椀ndings, we can summarize the reasons why nanoscale 
second phases impede shear band expansion without causing signi昀椀cant 
distortion as follows: (1). In the early stages of deformation, dislocations 
interact with numerous nano-scale stacking faults in the second phase, 
resulting in the formation of cut steps. Consequently, dislocation 
entanglement occurs, strengthening the second phase and impeding the 
extension of shear zones. Additionally, the interaction between dislo-
cations and laminations contributes to this behavior, as illustrated in 
Fig. 19(c1) and (c2). (2). In the intermediate stage, although the number 
of dislocations decreases, more nano-scale stacking faults are formed. 
During this stage, the crystal phase is primarily strengthened by both 

Fig. 16. Statistical charts of stress increment distribution for Cu50Zr50 amorphous alloy at different temperatures and strain rates for displacements from 3.5 to 4.0 
nm. (a) Dindenter = 10 nm, v = 0.5 Å/ps; (b) Dindenter = 15 nm, v = 0.5 Å/ps; (c) Dindenter = 15 nm, v = 0.1 Å/ps; (d) The statistical diagram of stress increment 
corresponding to Fig. 16(c). 
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dislocations and stacking faults. Fig. 19(c3) and (c4) demonstrate that 
stacking faults directly impede dislocation motion, creating a blocking 
mechanism. The presence of a stair-rod dislocation with a Burgers vector 
of 1/6<112> stabilizes the stacking fault and further reinforces the 
second-phase particles [71,72]. (3). In the 昀椀nal stage, the dislocation 
density is signi昀椀cantly reduced, and the nano-scale stacking faults serve 
as hard phases to strengthen the copper crystals, as depicted in Fig. 19 
(c5). Fig. 19(d) illustrates that the synergistic strengthening mechanisms 
of nano-scale stacking faults and dislocations render the second phase 
with a 4 nm diameter less susceptible to shear band penetration. Instead, 
a shear-band cut-through mechanism, similar to that observed in 
micrometer-scale second phases, is observed [29]. Notably, the second 
phase with a 2 nm diameter is penetrated and severely deformed, 
underscoring the signi昀椀cant in昀氀uence of volume fraction on the block-
ing effect of the second phase on shear bands, as shown in Fig. 20. 

3.6. The relationship between intrinsic parameters and shear bands is in 
different models 

In order to clarify the connection between microscopic mechanical 
behavior, shear band evolution and macroscopic mechanical perfor-
mance, this section organizes the four models presented earlier and 
summarizes the impact of different in昀氀uencing factors on the distribu-
tion of elastic energy density, normalized difference of strength, shear 
strain distribution, and sawtooth 昀氀ow stress increment. The changes in 
these microscopic mechanical parameters can, in turn, affect the evo-
lution behavior of shear bands as shown in Table 1. The extension modes 
of shear bands are mainly divided into single primary shear band 
extension and multiple shear band extension, where the primary shear 
band often brings about a reduction in plasticity. Therefore, in the table, 
shear bands are classi昀椀ed according to their extension trend, and for 
speci昀椀c impacts of the extension degree of shear bands, please refer to 
the previous section. In addition, loading conditions, notch size, and 
nanoscale secondary phases can be regarded as external factors that 
could induce changes in the microscopic mechanical parameters, 

Fig. 17. Plot of shear strain distribution for CuZr-based amorphous composites containing nanoscale soft copper second phase. (a) Dsp = 2 nm; (b) Dsp = 3 nm; (c) 
Dsp = 4 nm. 
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ultimately affecting the evolution of shear bands. Firstly, for the com-
plete amorphous model, temperature and loading rate affect the distri-
bution of elastic energy density, leading to the emergence of chaotic and 
self-organized states. This ultimately in昀氀uences the arrangement of 

shear bands, noting that the in昀氀uence trend of temperature and loading 
rate on shear band distribution is opposite. Secondly, for the notch 
model, the size of the notch affects the stress drop value and the 
normalized difference of strength, re昀氀ecting the arrangement of shear 

Fig. 18. (a) The tensile stress-strain curves of amorphous composites with different second phase sizes; (b) the evolution curve of the dislocation line length with 
increasing macroscopic strain at Dsp = 4 nm. 

Fig. 19. Plots showing the evolution of dislocation lines (a1-a5), crystal structure (b1-b5), nano-stacking-fault distribution (c1-c5), and shear-strain 昀椀elds (d1-d5) 
with increasing the macroscopic strain for amorphous composites where Dsp = 4 nm. Dislocation-con昀椀guration diagram, including Perfect dislocation (blue line), 
Shockley dislocation (green line), Stair-rod dislocation (purple line), Hirth dislocation (yellow line), and other dislocations (red line). Crystal-structure-con昀椀guration 
diagram with green atoms for an FCC structure, red for an hcp structure, and white for an amorphous structure. The red color in the shear-strain 昀椀eld represents the 
high-strain region. 
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bands. Furthermore, the distribution of shear strain can demonstrate the 
extent of shear band expansion, i.e., the higher the values of shear strain 
and the probability of high strain values, the easier it is to form a single 
dominant shear band. The serrated 昀氀ow behavior of nanoindentation 
can effectively re昀氀ect the number of shear bands formed. The more 
sawtooth peaks, the greater the number of shear bands, and the larger 
the amplitude of the sawtooth, the greater the extent of shear band 
spreading. Finally, the increase in size of the second phase at the 
nanoscale can effectively reduce the value and concentration of shear 
strain, promote the formation of multiple shear bands, and enhance 
plasticity while reducing strength. This work establishes a connection 
between the micro-mechanical behavior, shear bands, and macro- 
mechanical properties, providing guidance for future design of amor-
phous alloys. 

4. Conclusion 

In this study, an amorphous-alloy model was established using 
molecular-dynamics simulations. The effects of temperature, loading 
rate, notch geometry, and second-phase size on shear-band evolution 
and mechanical properties were investigated, aiming to provide insights 
into the underlying mechanisms and guide the development of highly 
ductile and strong amorphous alloys. 

(1) Analysis of the radial distribution function, bond-angle distri-
bution, average atomic potential energy, and average atomic volume 
con昀椀rmed the successful formation of a CuZr-based amorphous alloy 
using an extremely cold method. 
(2) The formation of shear bands was found to be highly sensitive to 
both temperature and strain rate during tensile loading. Higher 
temperatures and rates promoted the formation of multiple shear 
bands, leading to increased tensile plasticity. Conversely, lower 
temperatures exhibited more signi昀椀cant avalanche behavior. The 
relationship between the serrated rheological phenomenon and 
shear-band evolution was explained through analysis of stress-strain 
curves and calculation of the elastic-energy density distribution. 
Molecular-dynamics simulations supported the transition from 
plastic dynamics to self-organized critical behavior. 

(3) The impact of notch geometry on tensile strength and plasticity 
was examined. The length of the notch had a more signi昀椀cant in-
昀氀uence compared to the width. Increasing the notch length facili-
tated the formation and expansion of shear bands, resulting in a 
notable reduction in strength and plasticity. On the other hand, 
varying the notch width initially promoted the formation of a single 
shear band and subsequently facilitated the development of multiple 
shear bands. 
(4) A comparative analysis was conducted to investigate the effects 
of different nanoindenter sizes and loading rates on shear-band 
evolution. Smaller indenters allowed for more extensive extension 
of shear bands, while lower loading rates activated a greater number 
of shear bands. Statistical analysis of serrated-昀氀ow behavior and 
stress-increment distribution provided insights into the micro- 
mechanical behavior, shear-band evolution, and macro-mechanical 
properties. 
(5) The in昀氀uence of second-phase size on shear-band hindrance at 
the nanoscale was explored. The presence of dislocations and nano- 
stacking faults in the nanocrystals strengthened the second phase, 
effectively impeding severe shear deformation. This 昀椀nding high-
lights the synergistic strengthening mechanism and its role in pre-
venting shear localization in the second phase. 
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