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ABSTRACT The strain localized phenomenon, so called shear
bands (SBs), in an amorphous alloy have received a lot of at-
tention in recent years. In this study, we microscopically investi-
gated the nature and dynamics of multiple SBs using molecular
dynamics model. In the SB region, intense shear-induced struc-
tural change occurred, typified by the annihilation of pentagonal
short-range order, and significant localized heating accompa-
nied with the SB propagation was observed. Moreover, a large
number of fine SBs operated simultaneously at a high strain rate,
whereas, only a few SBs appeared and propagated abruptly at
a low strain rate. These results were discussed with respect to
brittle/ductile deformation of bulk metallic glasses.

PACS 31.15.xv; 62.20.F-; 81.05.Kf

1 Introduction

At ambient temperature, conventional amorphous
metals and also bulk metallic glasses (BMGs), which have
high glass forming ability (GFA) and hence can be obtained
in large-sized bulk form [1], exhibit a noticeably large elastic
limit of 2%. However, due to localized inhomogeneous defor-
mation, they fracture shortly after the onset of yielding [2].
Such abrupt and unpredictable fracture limits the applications
of BMGs as engineering materials, in spite of their excellent
intrinsic mechanical properties, such as high yield strength
and high fracture toughness. For the past thirty years, a num-
ber of studies have focused on the fracture behavior, specif-
ically on the localized deformation, the so-called shear band
(SB) [2–5]. According to laboratory-based experiments, plas-
tic deformation of BMGs at low temperatures is concentrated
in narrow bands with widths of 10–20 nm [6]. Cracking is
initiated and propagated at the location of the SB leading to
catastrophic fracture.

Recently, the positive beneficial role of high density SBs
on ductility has been reported in a number of experiments,
which include the following:
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(i) a large density of pre-introduced multiple shear bands
(MSBs) by cold rolling increased the plastic elonga-
tion [7],

(ii) BMGs with dispersed nanocrystalline particles exhib-
ited high ductility since the particles promoted the for-
mation of MSBs and obstructed SB propagation [8],
and

(iii) the influence of interactions and intersections between
SBs on the ductility was also reported [9, 10].

In experiments, however, an understanding of shear banding is
generally based on observations of post-deformed specimens,
and it is difficult to reveal the SB nucleation and propagation
processes. Some significant questions regarding the nature
and dynamics of shear banding are still controversial. These
include:

(i) where and how does SB nucleate and propagate?
(ii) what factors contribute to softening in the SB region,

heating, packing density, or other effects [11–13]?
(iii) And how does the loading rate affect MSB dynamics and

macroscopic plasticity [14–17]?

To understand the nature of shear banding and brittle/ductile
deformation of BMGs, molecular dynamics (MD) simulation,
which can describe the dynamics of individual atoms, is ex-
pected to serve as an useful reference. In recent years, a series
of MD studies, focusing on localized phenomena in BMGs,
have been conducted, including structural transformation and
localization under nanoindentation [18], single SB analysis
under compression [19], microscopic characterization of SBs
by bond length, potential energy, etc. [20], observation of
parallel SBs under simple shear [21], and SB propagation
criterion [5].

In the present MD study, our first aim is to understand
the nature and dynamics of SBs from an atomistic viewpoint.
The time evolution of SB nucleation/propagation process
and corresponding macroscopic stress behavior are shown in
Sect. 3.1, and strain localization and softening processes are
investigated with respect to the local geometric structure and
concentrated heating in Sect. 3.2. In addition, in Sect. 3.3, the
strain rate effect on dynamics of SBs is investigated. Finally,
in Sect. 4, we summarize the results and discuss high strain
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FIGURE 1 Schematic illustrations
explaining the procedure of uniax-
ial compressive loading employed in
this study

rate-induced macroscopic plasticity in BMGs related to the
simultaneous operation of MSBs.

2 Analysis model and simulation method

We constructed a binary amorphous alloy model
via a melt-quench process [22]. The applied interatomic po-
tentials were simple Lennard–Jones 4-8 [23], the parameters
for which were determined to satisfy the lattice sizes and elas-
tic constants of Cu and Zr fcc crystals. Therefore, our amorph-
ous model represented here is the Cu-Zr system, which is one
of the most common binary amorphous metals. The external
pressure during the melt-quenching process was maintained
at zero by the Parrinello–Rahman ensemble [24], and the
temperature of the whole cell was controlled by scaling the
velocity of each atom. The number of Cu and Zr atoms, cell
size and density of the constructed model are represented in
Table 1. The amorphous structure was confirmed by the an-
alysis of the radial distribution function (RDF) and Voronoi
polyhedron. In addition, the first peaks of RDF and the density
agreed well with those obtained experimentally [22].

To explore the strain localization phenomenon, we per-
formed uniaxial compressive simulations by restricting atomic
displacements in two dimensions. Under uniaxial loading,
MD models generally show homogeneous plastic deforma-
tion and yield without strain localization [26, 27], since MD
systems have spatiotemporal limits which reduce the model
scale and increase the loading rate. The two-dimensional con-
straint applied in this study reduces the spatiotemporal scale
of the localized phenomena, thus it has a positive influence
on the generation of MSBs in amorphous MD models. The
present uniaxial loading procedure is shown in Fig. 1. We ap-

Cu: 285 000
Number of atoms 500 000

Zr: 215 000

Size of cell 69.8×69.4 ×1.75 nm3

Density 7.34 g/cm3

TABLE 1 Total number of atoms, cell size, and density of the constructed
model. The experimentally obtained density of 7.38 g/cm3 [25] agrees well
with that of our computational model

plied periodic boundary conditions to the y (loading axis) and
z directions but free boundary conditions only to the x direc-
tion, and then sufficiently relaxed the atomic configuration
and model cell during 20 ps (equivalent to 20 000 MD steps) to
obtain the equilibrium state. Following the relaxation, uniax-
ial loading was implemented by repeating the two processes.
First, an affine deformation was applied to the model cell by
decreasing in the y direction, while increasing in the x and
z directions taking into account the transverse strain (tempo-
ral Poisson’s ratio set to 0.4). Then, the atomic configurations
were allowed to relax within the x–y plane, i.e. the z coor-
dination was fixed. After affine deformation, σxx and σzz had
non-zero values, since the transverse strains were determined
based on the approximate Poisson’s ratio. Therefore, during
the relaxation, x and z dimensions of the model cell were con-
tinually controlled by feeding back the stresses of σxx , σzz to
maintain the uniaxial stress state (σxx = σzz = 0). The strain
rates adopted here were set to 5 ×108 s−1, 5 ×109 s−1, and
5 ×1010 s−1, and, through the loading, the temperature was
not artificially controlled from the initial setting T0 of 50 K.

FIGURE 2 The relationship between true stress σ (normalized by Young’s
modulus E = 111.4 GPa) and nominal strain ε at an intermediate strain rate
of 5×109 s−1. The four square symbols represent the residual strain εres as
a function of maximum applied strain εmax (= 0.08, 0.09, 0.10, and 0.11).
The six open circles a–f correspond to the snapshots in Fig. 3
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FIGURE 3 A series of snapshots
from the uniaxial compressive pro-
cess at ε = (a) 0.09, (b) 0.10, (c)
0.11, (d) 0.12, (e) 0.13, and (f) 0.18.
We also employed another evaluation
scheme, the so-called “atomic strain”
(originally defined in [29] and ap-
plied to the GFA of amorphous alloys
in [30]), and confirmed that the vi-
sualized snapshots omitted here were
very similar to those in Fig. 3

3 Simulation results

3.1 SBs nucleation and propagation process

The stress vs. strain relationship during the uni-
axial compressive process at an intermediate strain rate of
5 ×109 s−1 is shown in Fig. 2. In the early stage of deforma-
tion, the stress curve almost linearly increases with increasing
strain, and has a peak at around ε = 0.10. In order to deter-
mine the yield point via the strain recovery method [28], we
also performed loading–unloading simulations, and the re-
sidual strains εres were represented as a function of the applied
maximum strain εmax. The existence of residual strain after
unloading indicates that the plastic deformation starts shortly
before the maximum stress.

Figure 3 shows a series of snapshots at ε = 0.09, 0.10,
0.11, 0.12, 0.13, and 0.18, which are indicated by points a–f
in Fig. 2. In the figures, each atom is colored by the local re-
arrangement evaluation scheme defined here. In crystal struc-
tures, dislocations can be easily visualized by the excess po-
tential energy of the atoms. Amorphous metals, however, have
an inherent inhomogeneous macroscopic structure, and thus
it is difficult to identify regions which deform plastically. In
this work, the extent of local rearrangement was quantified
as follows. For the initial configuration, the nearest neighbor
atoms were registered for each atom (the neighborhood was
defined by the cut-off radii of the applied potentials). Then,
the relative atomic displacements of the neighbor atoms were
calculated based on the normalized atomic coordinates so as
to eliminate global applied strain.

At ε = 0.10, MSBs simultaneously emerge at the free sur-
face and also inside the model. Drastic stress decrement is
then induced by the MSB propagation. In the present model,
most SBs are straight, and approximately lie along the max-
imum shear stress direction. It is interesting to note that,
shortly after initiation, SBs are found to be oriented several
degrees smaller than 45◦ with respect to the loading axis. This
deviation implies that the SB propagation in the MD model
follows the Mohr–Coulomb criterion and not the von Mises
criterion, and is consistent with several experimental observa-
tions [2, 14, 16], wherein the angle between SBs and loading
axis is larger than 45◦ under tension, and is smaller than 45◦
under compression. As shown in the snapshots, SB propaga-
tion is blocked by other crossing “active” SBs (which are not
cooled down and are still soft), therefore the stress drop is
completed at around ε = 0.13. For deformation beyond the

point, there is no more SB generation. Alternatively, con-
centrated slip occurs in the existing large SBs, resulting in
prominent shear-off steps on the free surface.

3.2 Structural and thermal features of SB

In order to understand the local geometric struc-
tures inside and outside the SBs, we applied the Voronoi an-
alysis determined by the atomic configuration between the
centered and the nearest neighbor atoms. It has been indicated
that the amorphous structure is distinguished from the liquid
state by the high content of nonperiodic pentagonal short-
range order (SRO): at the transition from liquid to amorph-
ous phase, the pentagonal SRO increases and, vice versa,
other SRO such as tetragonal and hexagonal structure de-
crease [22, 31, 32]. The density distribution of the Voronoi
pentagons at ε = 0.13 is shown in Fig. 4a. Inside the SB
regions, a reduction in pentagonal short-range structure is
found, indicating that localized shear deformation accompa-
nies the disordering, typified by the annihilation of amorphous
specific SRO. In the previous study [22], we pointed out that
the pentagonal SRO had dense packing configurations, and
is therefore closely related to the free volume content, which

FIGURE 4 Distribution of (a) pentagonal SRO and (b) free volume around
SBs at ε = 0.13. In (a), the number density distribution of pentagons is
represented by the size of the pentagonal symbols and also by the color
map. Details of the calculation procedure are mentioned in our previous
study [22]. The free volume of each atom shown in (b) is calculated from
the composition-related equation V/(0.57VCu +0.43VZr), where V is a vol-
ume of a Voronoi cluster, and VCu and VZr are atomic volumes of Cu and Zr
crystals obtained from one-component models
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was a critical factor in the analysis of the deformation behav-
ior of amorphous metals [22, 33]. Here, we have estimated the
free volume based on the volume increment from the crys-
talline state, as in [22], and the distribution around the SBs
is shown in Fig. 4b. The alteration of SRO induces a notice-
able free volume increment at the location of the SBs; the
low density state at the strain localized regions is consistent
with other MD analyses [5, 20]. As indicated by the early con-
stitutive model of plastic deformation [12], the slight change
in packing density has enormous influence on the viscosity,
since the high free volume structure allows atoms to easily
jump to empty sites under shear stress.

In laboratory-based experiments, it is difficult to clarify
SB-specific local configurations due to the extremely dis-
ordered atomic structure. However, the present calculations
intrinsically relate to some experimental facts:

(i) the SB regions had preferential etching susceptibility,
indicating a change in SRO [3],

(ii) atomic disorder increment in the SB region has been
observed by high-resolution transmission electron mi-
croscopy [34],

(iii) the increase in the free volume at SBs was indicated by
early work [35, 36], and also in a recent report using
positron annihilation spectroscopy [13].

In Fig. 5, we represent the average temperature rise for the
whole model and the average potential energy per atom dur-
ing the loading process. For the potential energy, two kinds
of values are plotted; the average for the whole model, and
the average of the small region having no SBs (containing
3500 atoms). In the present calculation, a temperature control
scheme was not employed, therefore applied work was essen-
tially converted into potential or thermal energies without any
energy dissipation. In elastic deformation, applied work is al-
most accumulated as elastic strain energy and thus there is no
temperature rise. Then, the release of elastic strain energy in
a no SB region and an increment in temperature are simultan-
eously observed at the start of strain localization at ε = 0.10.
The inset in Fig. 5 shows a snapshot showing the tempera-
ture distribution at ε = 0.11. Local heating is highly concen-

FIGURE 5 Average potential energy per atom e and average temperature
of the whole model T vs. the nominal strain (e0 represents the average po-
tential energy at ε = 0, and Tm represents the melting temperature obtained
from heating simulation under the same 2D constraint). The embedded image
represents a distribution of T/Tm at ε = 0.11

trated in the SB region, specifically in the dominant bands
with larger shear displacement. The temperature rise may be
caused by the friction of atoms at the intensely sheared area,
and is proportional to the magnitude of shear displacement.
Therefore, significant heating at mature SBs finally induces
fatal lowering of local viscosity.

3.3 Effect of loading rate on MSBs dynamics

Stress vs. strain relationships at a lower strain rate
of 5 ×108 s−1 and a higher rate of 5 ×1010 s−1 are represented
in Fig. 6. The stress-strain curves initially show the same be-
havior, however, the starting point of plastic deformation and
the flow stress behavior largely depend on the strain rate. The
elastic limit and the maximum stress increase with increasing
strain rate; thus, the extremely large elastic limits of 9%–12%
that were observed in this study may be caused by unrealis-
tic applied strain rates, which are several orders of magnitude
larger than those in experimental studies. At a lower strain
rate, the stress drops almost perpendicularly at the start of
plastic deformation, while stress decreases more slowly at
a higher rate. Snapshots of the lower strain rate (at ε = 0.10)
and higher strain rate (at ε = 0.20) are shown in the insets
in Fig. 6. At the lower rate, a few SBs initiate and abruptly
propagate. In this case, plastic deformations are highly lo-
calized in the region of a few SBs, therefore the large shear
displacement accompanying a significant temperature rise is
observed. However, at a higher strain rate, a large number of
fine SBs appear at the same instant, promoting homogeneous
strain relaxation. Thus, in the higher strain rate case, we could
not observe clear shear-off steps on the free surface.

The present relation between strain rate and the num-
ber of SBs is consistent with experimental observations of
post-fracture specimens [14, 15, 17], wherein only a single SB
leading to a final crack or secondary SBs near the fracture sur-
face are observed at a lower strain rate, while a large number
of SBs can be seen in the whole volume of the samples at
a higher strain rate. The present MD observations provide an
explanation for the dynamics of SBs. At a low strain rate, there

FIGURE 6 Stress vs. strain curves for a lower strain rate (5×108 s−1),
a higher strain rate (5×1010 s−1), and, for comparison, an intermediate strain
rate. The inset figures represent snapshots of the lower rate at ε = 0.10 and
the higher strain rate at ε = 0.20, respectively
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is sufficient time for the initially generated SBs to propagate.
However, a high strain rate cannot provide time for stress re-
laxation at the initial SBs, hence a high stress state generates
other new SBs all over the model.

4 Concluding remarks

In the literature, MD simulations were performed
to investigate the nature and dynamics of strain localized
phenomena, which is a crucial factor for brittle/ductile de-
formation of BMGs. In the SB region, intense shear induces
structural change, typified by the annihilation of pentagonal
SRO, results in the generation of a low packing state, the so-
called free volume. The plastic deformation of amorphous
metals is expected to be caused by individual atomic jumps
to empty sites [33], therefore applied strain is highly local-
ized in the free volume structure, promoting the formation
of shear banding. In addition, the propagation of SBs is ac-
companied by a concentrated temperature rise. Evidence of
melting on the fracture surface has been observed in recent
experimental studies [2, 10]. The low viscosity derived from
the free volume structure as well as the significant temperature
rise is expected to be a direct cause of final fracture in the SB
region.

However, the relation between the MSB dynamics and
loading rate was also investigated; at a higher strain rate,
a large number of fine SBs simultaneously appear, while at
a lower strain rate, a few SBs initiate and abruptly propa-
gate. It was reported just recently that the deformation mode
of BMGs suddenly transitioned from brittle fracture to duc-
tile deformation involving MSB operation, when the applied
strain rate exceeded some critical value [15, 17]. However,
several studies have reported contradictory experimental re-
sults [14, 16], and the loading rate dependence of SB behav-
ior and brittle/ductile deformation are still controversial. The
present observation of the dynamics of SBs supports the pos-
itive influence of high strain rate on the generation of MSBs:
a sufficiently large strain rate prevents stress relaxation at
a single SB, and results in the generation of a number of SBs
all over the model. High density MSBs enhances macroscopic
ductility, since it

(i) impedes sudden SB propagation due to the interac-
tions [8, 9] and

(ii) promotes homogeneous strain relaxation [7].

Basically, an SB itself has fatal low viscosity leading to brit-
tle fracture, as shown in a number of experimental reports.
Therefore, in order to improve the ductility of BMGs, it is cru-

cial to generate high density MSBs before a single mature SB
induces catastrophic fracture.
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