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Abstract

The local structures of metallic glasses have been analyzed previously in term of various types of short-range order (SRO). However,
the SRO alone, neglecting the interconnection of neighboring icosahedra to medium range and beyond, is insufficient to account for the
structure–property relationship in metallic glasses. In this study, we use molecular dynamics (MD) simulations of Cu–Zr binary metallic
glasses to examine the effects of the next level of structural hierarchy: the interpenetrating connection of icosahedra (ICOI) and the link-
age of the medium-range ICOI patches to form networks of icosahedra over extended range. The mechanical properties of these metallic
glasses, especially the shear transformations that mediate plasticity, are found to be dependent on the degree of ICOI and development of
the ICOI network. The evolution of the ICOI network during shear deformation, as well as the composition dependence, has been mon-
itored and discussed.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical properties, especially plasticity, of metal-
lic glasses depend largely on their atomic-scale structures, to
an extent similar to that of crystalline materials. However,
the details of the atomic-scale structures of the metallic
glasses, and especially those that are responsible for their
properties, remain to be elucidated. In 1928, Ramsey [1]
proved that every complex structure, while seemingly ran-
dom, necessarily contains ordered substructures. Neverthe-
less, it was not until much later that researchers began to
recognize the existence of short-range-ordered structures
(SROs) in metallic glasses, and relate these fundamental
structural motifs to macroscopic properties. In recent years,
Miracle [2], Sheng et al. [3] and Yang et al. [4] described the
1359-6454/$36.00 � 2010 Acta Materialia Inc. Published by Elsevier Ltd. All

doi:10.1016/j.actamat.2010.09.020

⇑ Corresponding author. Tel.: +82 2 3290 3283; fax: +82 2 928 3584.
E-mail address: jclee001@korea.ac.kr (J.-C. Lee).
local structures of the amorphous solid based on quasi-
equivalent clusters of various fractions, while Shi and Falk
[5] related the SRO structure, and different degree of SROs
obtained by changing the cooling rate, to the strain localiza-
tion in the metallic glasses. Subsequently, Wakeda et al. [6],
Lee et al. [7], Park et al. [8], and Cheng et al. [9] performed
extensive studies to clarify the composition dependency of
the SRO structures in Cu–Zr-based metallic glasses and to
relate these SROs to the observed mechanical properties.
Shi and Falk [5,10] also assessed the effects of another impor-
tant structural parameter, i.e., the spatial distribution and
percolation of SRO, on the mechanical response. However,
for this latter issue, much remains to be uncovered and ana-
lyzed in detail, as discussed below.

Recent atomic simulations revealed that the local struc-
ture of metallic glasses can comprise more than 100 differ-
ent types of polyhedra. These local motifs, representing
different SROs, are the building blocks of the three-dimen-
rights reserved.
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sional glassy structure. Intuitively, even with the same frac-
tions of the various SROs, innumerable numbers of differ-
ent structures can be made by simply rearranging these
SROs, which in turn can produce different mechanical
properties. As such, the structure–property relation cannot
be established by considering the SROs alone. It is there-
fore necessary to consider the glassy structure in a hierar-
chical sense. From this perspective, naturally the next
task is to examine the structural organization beyond
SROs (the first level clusters), to probe into the next level
of the structural hierarchy. In other words, it is of impor-
tance to uncover the various ways the SROs are connected
with one another and how the type and degree of connec-
tions affect the mechanical response of the amorphous
material. This will be attempted in this paper, and can be
viewed as a stepping stone before probing into an even
higher hierarchical level, i.e., the percolation of structural
order throughout the entire sample, to quantitatively estab-
lish if the amorphous solid has a backbone and how that
influences the properties [11].

SROs generated during cooling tend to fill the 3D space
of the metallic glasses in an efficient way to attain the low-
est possible energy state under the kinetic constraints. As
will be discussed later, this can be achieved by forming a
densely packed structure, in which SROs connect with
neighboring SROs to construct the medium-range-ordered
structures (MROs). These MROs are atomic-scale struc-
tures with length scales typically longer than the diameter
of the third coordination shell but shorter than the scale
at which ordering becomes long-range and Bragg peaks
appear in the structure factor [12]. It has been difficult to
observe the MROs experimentally using conventional elec-
tron microscopy and diffractometry. Recently, the exis-
tence of MROs within disordered materials was suggested
in fluctuation electron microscopy experiments [13,14].
Some specific types of MROs in metallic glasses were pro-
posed from the model studies on efficient packing [15,16].
Several configurations of MROs have also been identified
via the combined use of experiments (such as X-ray scatter-
ing) and atomistic simulations [16–22]. However, many
other types of medium-range structures are possible,
beyond the examples of MROs reported in earlier studies.
Further, it has not been established whether the reported
MROs are the major structural organization that plays a
key role in determining the mechanical properties.

In this study, using molecular dynamics (MD) simula-
tions of Cu–Zr binary alloys, we illustrate a conceptual
structural organization, i.e., interpenetrating connection
of icosahedra (ICOI) over an extended range. The charac-
teristics of the networked structure based on ICOIs are
quantitatively assessed in terms of their connectivity and
rigidity. We also explore how the ICOI networks are cre-
ated during cooling and destroyed during shear deforma-
tion, in order to qualitatively relate their evolution
behaviors to the mechanical properties of metallic glasses,
in the context of the nucleation of local shear deformation
and the strain localization.
2. Molecular dynamics (MD) simulations and structural

analysis

Atomic simulations, due to their ability to depict the
atomic-scale structures and the corresponding mechanical
properties, have been a powerful technique to explore the
structure–property relationship in metallic glasses
[2,5,6,9–11]. Of the various simulation techniques presently
available, the first-principles calculations provide the most
reliable interatomic interactions. However, these calcula-
tions are based on the NVT (constant numbers of atoms,
volume and temperature) ensemble, which is different from
the real-world laboratory conditions. In addition, the typ-
ical size that can be handled by this method is too small
(normally less than �200 atoms), and thus produces signif-
icant statistical scatter and is inadequate to investigate the
mechanical behaviors of materials. Another approach is to
use classical MD simulations employing (semi-)empirical
interatomic potentials that can manage millions of atoms
and the NPT (constant numbers of atoms, pressure and
temperature) ensemble. Although MD simulations suffer
from severe spatial and temporal limitations and their
accuracy relies critically on the potential, this technique
has been widely used to explore the structure–property
relation by describing the general features of the local
structure and its evolution associated with shear deforma-
tion [7–9,11], which cannot feasibly be obtained
experimentally.

To investigate the structural changes and associated
deformation behaviors of metallic glasses, we selected
two model alloys from the Cu–Zr binary system: Cu50Zr50

and Cu65Zr35. These alloys possess a pronounced difference
in their initial packing densities (or atomic-scale packing
structures) and thus exhibit clearly different structural evo-
lutions and associated flow behaviors [7,8]. These alloy
characteristics enabled the investigation to focus on the
effects exerted by the atomic packing structures of these
alloys on both the structural evolution and the correspond-
ing mechanical responses.

The 3D binary alloys were constructed using MD simu-
lations employing the embedded atom method (EAM)
potential developed by Cheng et al. [9,23]. Approximately
32,000 atoms corresponding to the Cu50Zr50 and Cu65Zr35

compositions were first packed into the simulation cell with
approximate dimensions of 7.9 � 10.1 � 6.4 nm and then
heated to 2000 K. After allowing a sufficient relaxation
time of 1 ns (time step 1 fs), the alloys were cooled to
300 K at a rate of 5 � 1012 K s�1 to produce the 3D amor-
phous solids. The NPT ensemble was used for quenching,
with the temperature controlled by a Nose–Hoover ther-
mostat [24] and the pressure controlled at zero using a
Nose–Hoover barostat [25]. A periodic boundary condition
(PBC) was applied to the 3D directions in order to elimi-
nate surface effects.

The model alloys with PBC were deformed at 300 K by
applying simple shear with a strain rate of 108 s�1 to induce
plastic deformation and structural disordering. The
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atomic-scale structures of the quenched alloy and their evo-
lution during simple shear deformation were analyzed in
terms of SROs identified using the weighted-Voronoi tes-
sellation technique (hereafter, Voronoi analysis) [26]. Fur-
ther analyses were conducted to examine the connections
of neighboring SROs to construct MROs.

3. 3D atomic configuration and SROs

The two metallic glasses, Cu50Zr50 and Cu65Zr35, were
first synthesized using MD to dimensions smaller than
the typical thickness (�10–20 nm) of shear bands. As such,
the entire box will undergo homogeneous deformation
upon applying a shear load. As known from previously
reported experimental and simulation studies on the struc-
ture–property relations [7–9,27,28], these two metallic
glasses have clearly different structures and mechanical
properties.

Fig. 1a shows an example of the typical 3D atomic con-
figuration of the amorphous Cu65Zr35. Although the poten-
tial used for MD simulations has already been extensively
validated against a large set of experimental properties
and ab initio data [29], the reliability of the potential was
tested again by comparing the average interatomic dis-
tances of the nearest atomic pairs comprising the model
alloys with the experimental measurements. The nearest
average interatomic distances of the Cu–Cu, Cu–Zr and
Zr–Zr pairs were determined by calculating the partial
radial distribution functions (RDFs) of Cu65Zr35, as shown
in Fig. 1b. Calculations of the partial RDFs were also con-
ducted for Cu50Zr50. The present calculations agreed rea-
sonably well with the experimental measurements
obtained using high-energy X-ray diffractometry [30–
33,36] and simulations from other reported empirical
potentials [34–37]. This lends support to the ability of the
Fig. 1. (a) Typical 3D atomic configuration of the computational
Cu65Zr35 amorphous alloy constructed using MD simulations employing
the EAM potential. The yellow (small) and grey (large) spheres indicate
Cu and Zr atoms, respectively. (b) Partial RDFs computed for Cu–Cu,
Cu–Zr and Zr–Zr pairs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
EAM potential used in this study to describe the local
structures of the actual metallic glasses.

The local structures of the model alloys were analyzed in
terms of the various SROs identified using the Voronoi tes-
sellation technique. Among the various SROs, the icosahe-
dron, denoted by the Voronoi index (0,0,12,0), possesses a
high atomic packing density (equivalently low free volume)
and five-fold nearest-neighbor bonds, and is known to be
mechanically and energetically more stable than other
types of SROs [9,39]. In the following, the spatial distribu-
tions of icosahedra and their linking patterns will be shown
to also play an important role in determining the local
deformation behaviors and thus the overall mechanical
properties of the sample.

4. Icosahedra and icosahedral MROs

Although the five-fold icosahedra are unable to build a
structure with a long-range order, in an amorphous alloy,
they can link together to form extended clusters (of icosa-
hedra) [29]; the length scales of these icosahedra patches
are typically beyond the diameter of the third coordination
shell and often extend to nanometer range. According to
the Voronoi analysis shown in Fig. 2a, the majority (85–
98%, depending on composition) of icosahedra in Cu50Zr50

and Cu65Zr35 exist in the form of linked clusters, rather
than isolated ones. These extended clusters of icosahedra
are made of icosahedra that interconnect to neighbor icosa-
Fig. 2. (a) Fractions of the isolated and linked icosahedra, and (b)
fractions of four different categories of MROs formed by sharing the
vertex, edge, face and volume with neighboring icosahedra. The figures in
the inset are the representative configurations for the different sharing
type.



Fig. 3. (a) Representative snapshot showing the spatial distribution of the
icosahedra comprising the Cu65Zr35 amorphous solid. Typical configura-
tions of ICOIs with different bond numbers of (b) N = 2, (c) N = 3, and
(d) N = 6. The yellow (small) and grey (large) spheres indicate Cu and Zr
atoms, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Average potential energy (EÞ calculated for the center atoms (Cu) of the
icosahedron (with the common composition of Cu6Zr7) that connect to a
neighboring icosahedron by sharing their vertex, edge, face or volume in
Cu65Zr35 (here “sampling number” means the number of sampled
clusters).

Linking pattern E � r (eV) Sampling no.

Vertex �3.4868 ± 0.0441 901
Edge �3.4890 ± 0.0444 115
Face �3.4898 ± 0.0445 878
Volume �3.4903 ± 0.0437 927
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hedral clusters by sharing their vertex, edge, face or vol-
ume, thereby forming four different types of connections
[38], as shown by the representative configurations in the
inset of Fig. 2b. Despite the differences in the potentials
employed in the simulations, the general tendency observed
from this study was consistent regardless of the potentials
including FS-EAM, 1 modified EAM1 and Lennard-Jones
[38] potentials (data not shown).

Of the four different icosahedral linking patterns in
Fig. 2b, the volume-sharing pattern is of special interest.
Hereafter, the MROs resulting from this particular type
of linkage of the icosahedra are referred to as the “inter-
penetrating connection of icosahedra (ICOI)”. In litera-
ture, this connection is also termed “pentagonal bicap-
sharing” or “cap-sharing”, depending on authors. This
linking pattern is produced when some or all of the sur-
rounding (shell) atoms of the center atom of an icosahe-
dron are also centers of the neighboring icosahedra,
constituting “interpenetrating” icosahedra by sharing
“five” common neighbor atoms, as shown in the inset of
Fig. 2b. Note that different linking patterns can lead to dif-
ferent structural stability. In this study, the structural sta-
bility of various different linking patterns of icosahedra
was first evaluated by calculating the potential energy of
the center atom of the individual icosahedra participating
in the connection scheme. The average potential energy
(EÞ of icosahedra as evaluated by their center atoms varied
depending on how these icosahedra are linked with neigh-
boring ones. Of the linking patterns considered in this
study, ICOI gives the lowest average potential energy (see
Table 1) and smaller average atomic volume [39], which
makes the interpenetrating clusters of icosahedra not only
1 Simulations were conducted by the authors using the FS-EAM and
modified EAM potentials shown in Refs. [60,33], respectively.
energetically more favorable, but also structurally more
stable (see Fig. 7b of Ref. [39]) than other types of con-
nected icosahedral clusters. By this argument, of the vari-
ous MROs, the ICOI is likely to be the most important
type of MRO affecting the mechanical properties of metal-
lic glasses, as will be demonstrated later.

After deciding on the important icosahedral sharing
scheme (the interpenetrating type, ICOI), the next charac-
teristic to examine is how well and extensive the ICOI is,
i.e., how many icosahedra neighbors an icosahedron is con-
necting with, in this particular volume-sharing way. Fig. 3a
is an example showing the spatial distributions of icosahe-
dra comprising Cu65Zr35. After assessing the structures of
the model alloy using Voronoi analysis, only the atoms
centered at the icosahedra are indicated as the points in
the simulation cell. The points are colored to indicate
how individual icosahedra are linked with neighboring ico-
sahedra to form ICOI. This allows the observation that
each icosahedron participates in the formation of ICOIs
to various degrees by sharing its volume with different
numbers of neighboring icosahedra; this number (i.e.,
how many neighbors in the first-coordination shell are also
centers of other icosahedra) is referred to hereafter as the
bond number, N, which quantifies the degree of ICOI. A
high N for an icosahedron means that this icosahedron
bonds with (i.e., is forming ICOI with) many other icosahe-
dra via volume sharing. N is observed to range from 0 to 8.
Some representative configurations of ICOIs with different
bond numbers are shown in Fig. 3b–d.

Fig. 4a shows the population of icosahedra with various
N. The population of non-interpenetrating icosahedra
(N = 0) and ICOIs (N P 1) in the alloy differs depending
on composition, and is higher in the alloy with a higher
packing density, i.e., Cu65Zr35. Compared to Cu50Zr50,
Cu65Zr35 not only has more icosahedra participating in
ICOI, Fig. 4a, but also has a higher degree of ICOI as eval-
uated in terms of N, Fig. 4b. This makes Cu65Zr35 a more
ordered structure with a higher atomic packing density and
lower energy state.

5. Formation of ICOI network over extended range

Referring back to Fig. 3a, the spatial distribution of ico-
sahedra is not uniform, but shows a large density variation.
With a sufficiently high density of icosahedra participating
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Fig. 4. Variations in (a) the population of various icosahedra and (b) heir
fractions with different bond numbers in Cu65Zr35 and Cu50Zr50, showing
that Cu65Zr35 has a higher degree of medium-range ordering as charac-
terized by its higher population, and higher N, of icosahedra with ICOI.

Fig. 5. (a) Evolution of various polyhedra with temperature during
cooling, showing the abrupt change in the fraction of the icosahedra in the
supercooled liquid region. Snapshots showing the icosahedral packing
structures captured from the local regions of 1.2 � 2.2 � 4 nm at
temperatures of (b) 1800, (c) 1200, (d) 600 and (e) 300 K. In this figure,
only the center atoms of the icosahedra are plotted as points in the
simulation cell. Colors are added to indicate the formation of various
types of ICOI characterized by the icosahedral bond numbers. (Yellow:
N = 0, Purple: N = 1, Pale blue: N = 2, Pink: N = 3.) (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 6. Example of the extended ICOI network: a chain-like patch
consisting of 55 icosahedra with different N. Only the center atoms of the
icosahedra are plotted as points.
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in ICOI, they connect over an extended range, forming the
basis for a networked structure. We therefore monitored
the evolution of icosahedra in Cu65Zr35and Cu50Zr50during
rapid cooling (�5 � 1012 K s�1) to examine how ICOI is
developed.

Fig. 5a shows for the Cu65Zr35 alloy the variations in the
fraction of icosahedra along with other populous SROs
and low-population polyhedra, i.e., those with the coordi-
nation numbers (CN) that deviate substantially from 12.
Also superimposed in the plot is the change in the potential
energy (grey line) calculated at different cooling stages.
Upon cooling, the fractional change of icosahedra was
abrupt in the supercooled liquid regime, while the fractions
of other SROs changed slightly. On the other hand, low-
population polyhedra with lower symmetry decreased with
cooling. During this evolution process, the smaller atoms
(in this case, Cu), which are positioned on the coordination
shell of an icosahedron, can also act as the center atoms of
the neighboring icosahedra (see the inset of Fig. 2b), lead-
ing to various ICOIs with different N. Fig. 5b–d shows the
representative snapshots of the icosahedral packing struc-
tures showing the evolution of ICOIs at different cooling
stages. Considering that the potential energy of the system
is lowered by forming ICOI via volume-sharing, this ICOI
formation during cooling is natural and spontaneous.

It is noted from Fig. 5d that due to the lack of long-
range periodicity of the icosahedra, the spatial distribution
of the ICOIs (or icosahedra themselves) is not uniform, but
rather exhibits a large density fluctuation. The volume-
sharing ICOIs result in the formation of the string-like net-
work. Fig. 6 is an example showing the largest
(1.2 � 2.5 � 2.2 nm) ICOI network connected over an
extended range. However, due to the “occasional” discon-
tinuity with neighboring ICOIs, these ICOI patches do not
result in a fully interconnected network structure that
spans over the entire simulation cell (in this study,
7.9 � 10.1 � 6.4 nm).



Table 2
Average atomic volume of the polyhedra with CN = 12 and the fractions
that are interconnected to neighboring icosahedra by volume-sharing in
Cu65Zr35. The average atomic volume here corresponds to the Voronoi
volume calculated for the center atom (Cu) of each polyhedron.

Polyhedron n nV f(=nV/n) (%) V (A3)

(0,0,12,0) 3069 – – 12.353
(0,2,8,2) 2935 1834 62.5 12.437
(0,3,6,3) 1422 759 53.4 12.795
(0,4,4,4) 452 154 34.1 12.610

Note: n – total numbers of the polyhedron, nV – numbers of the polyhe-
dron connected to (0,0,12,0) via volume sharing, f – fractions of the
polyhedron connected to (0,0,12,0) via volume sharing, V – average vol-
ume of the atom (Cu) centered at each polyhedron.
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Having identified the extended-range patterns of ICOI,
it is now of interest to examine how the spaces between
the networked ICOI patches are filled with the remaining
polyhedra. It is expected that SROs developed during cool-
ing fill the 3D space in such a way that it lowers the poten-
tial energy of the system. Therefore, SROs with packing
densities comparable to icosahedra tend to congregate next
to the ICOIs, while SROs with comparatively loose atomic
packing are further away from the ICOI, in order to reduce
the abrupt density changes and the resulting strain misfit.
Of the many relatively densely packed SROs, those with
CN = 12, which we loosely call “icosahedron-like” polyhe-
dra, are the plausible candidates capable of reducing the
misfit strain by residing next to the ICOIs.

In order to determine the significant type of polyhedron
that can reduce the misfit strain, we calculated both the
atomic volume of the icosahedron-like polyhedra and their
fractions of volume-sharing with neighboring icosahedra.
Fig. 7. Snapshots showing the spatial distribution of the ICOIs together with v
Cu50Zr50 and (b) Cu65Zr35. Note that all (0,2,8,2) presented in the snapshots are
the icosahedral network.
According to the results in Table 2, of the several icosahe-
dron-like polyhedra, (0,2,8,2) was not only statically dom-
inant in terms of the population comprising the alloy, but
also possesses the atomic volume close to that of the icosa-
hedron. Therefore, we consider (0,2,8,2) to be the type of
polyhedron capable of reducing the misfit strain when
residing next to the ICOIs. Further, 36% and 63% of
(0,2,8,2) in Cu50Zr50 and Cu65Zr35, respectively, were con-
nected to the neighboring icosahedra via volume-sharing,
as can be seen in Table 2. In fact, when considering every
possible linking patterns (i.e., vertex-, edge-, face- and vol-
ume-sharing) of (0,2,8,2), the majority (83 and 99% for
Cu50Zr50 and Cu65Zr35, respectively) of (0,2,8,2) were con-
nected to neighboring icosahedra. As such, (0,2,8,2) can be
regarded as the “glue polyhedron” that connects neighbor-
ing patches of ICOIs and helps extend/connect ICOI to
longer range. The resulting networked ICOI structure is
referred to as the “icosahedral network” in the following.

Fig. 7 is the snapshot showing the 3D packing structures
of the icosahedra (each is denoted by a red solid ball) and
(0,2,8,2) (denoted in green) comprising the model alloys.
The regions indicated by the circles are magnified to show
how (0,2,8,2) are connected to the patches of various ICOIs
by sharing their volume. We first examined the qualitative
effect of (0,2,8,2) on the enhancement of the connectivity of
the ICOI in Cu65Zr35 and Cu50Zr50. In the case of Cu50Zr50,
significant numbers of ICOIs were present as patches or
islands, and thus fail to construct a well-interconnected net-
work structure, even with the presence of (0,2,8,2), as shown
in Fig. 7a. In contrast, most ICOIs in Cu65Zr35 are intercon-
nected, although there exist occasional discontinuities. How-
ever, these breakage between the patches of ICOIs (and
olume-sharing (0,2,8,2) that forms the icosahedral network structures in (a)
connected to the neighboring ICOIs by sharing their volume, constructing
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icosahedra) are connected by (0,2,8,2) via volume-sharing,
which helps form an extensively interconnected icosahedral
network, as shown in Fig. 7b.

We also examined the characteristics of the network
structures to quantitatively assess: (1) how the glue polyhe-
dron, (0,2,8,2), enhances the connectivity of the icosahedral
network structures; and (2) whether the resultant structures
are “weak” or “strong”. First, the connectivity of the icosa-
hedral network structures was evaluated by employing the
connectivity parameter, C, which in this study is defined as

Cico ¼
nI

N I
ðfor icosahedra onlyÞ ð1:1Þ

Cnetwork ¼
nI þ n0I þ nD

N I þ nD
ðfor icosaheral networkÞ; ð1:2Þ

where Cico is the connectivity of the icosahedra by them-
selves, and Cnetwork the connectivity of the icosahedra along
with (0,2,8,2). Here NI is the total number of icosahedra,
and nI the numbers of the ICOIs themselves (N P 1
ICOIs), n0I the numbers of additional icosahedra connected
by (0,2,8,2) via volume-sharing, and nD the numbers of
(0,2,8,2) connected to neighboring icosahedra or (0,2,8,2)
themselves via volume-sharing. Calculations showed that
only 59% of icosahedra in Cu50Zr50 were connected to each
other by sharing their volume, while 87% of icosahedra in
Cu65Zr35 were the part of ICOIs. However, when incorpo-
rated with (0,2,8,2), this connectivity of icosahedra was in-
creased to 90 and 98% for Cu50Zr50 and Cu65Zr35,
respectively, as shown in Table 3. This supports the role
of (0,2,8,2) as the glue polyhedron that can render better
connectivity in forming the icosahedral network.

While the connectivity can be improved by the presence
of (0,2,8,2), it does not establish whether the intercon-
nected network structures are “weak” or “strong”. This is
because even with the same connectivity, the network
structures can have a different spatial distribution of icosa-
hedra and (0,2,8,2) in terms of their bond numbers and
bond configurations (or geometry), resulting in different
degree of clustering and thus rigidity. Recently, Wakeda
and Shibutani [39] employed the clustering coefficient, X,
to quantitatively assess the degree of local clustering of
an icosahedral network structure. For the center atom of
the ith icosahedron (or (0,2,8,2)) constituting the icosahe-
dral network, Xi is defined as [39,40]

X i ¼
2Li

NiðN i � 1Þ ð2Þ
Table 3
Characteristics of the icosahedral network structures in Cu50Zr50 and Cu65

parameters.

Connectivity

NI nD nI n0I

Cu50Zr50 968 652 572 238
Cu65Zr35 3069 1834 2684 301

Note: Nnetwork is the average bond number of the icosaheral network structure
where Li is the number of ICOI with N P 2 having a trian-
gular geometry and Ni is the bond number of the ith icosa-
hedron (or (0,2,8,2)) constructing an icosahedral network.
Since the clustering coefficient not only considers the bond
number, but also takes into account the geometric configu-
ration of the icosahedral network structures, we consider
the average value of X network to be a suitable parameter that
can reflect the rigidity of the network structure. As shown
in Table 3, X network was calculated to be 0.13 and 0.28 for
Cu50Zr50 and Cu65Zr35, respectively, indicating that
Cu65Zr35 has a more rigid icosahedral network structure
than Cu50Zr50.

In view of the results discussed here, we can conclude
that the characteristics of the icosahedral network rely on
the initial packing state of the alloy, such that the more
ordered alloy with a denser atomic packing (Cu65Zr35)
has a much stronger tendency for the formation of the ico-
sahedral network structure, while the alloy with looser
atomic packing (Cu50Zr50) has a comparatively weak and
loose one. However, looking at individual interconnected
icosahedral network structures does not establish that there
is a critical percolation over the entire sample in a way that
would qualify the network as a “backbone” [11]. Therefore,
the issue whether the amorphous alloy has a backbone
remains an open question. Despite this ambiguity of the
definition and actual presence of a backbone, real-world
metallic glasses, due to their much slower cooling rate than
that employed in simulations, should possess even higher
fractions of SROs with CN = 12 than those described for
the MD models. Therefore, ICOIs could/may eventually
form a “percolating backbone” of the amorphous solid.
While the high C and X discussed above for our icosahedra
network is suggestive of a backbone structure, a quantita-
tively verifiable measurement of the connectivity, in terms
of the backbone concept, needs systematic future work.

6. Stress-induced flow behavior

As discussed earlier, there are regions not covered by
ICOIs and icosahedral networks. They correspond to com-
paratively loose packing, and thus can be fertile sites where
local deformation nucleates. In other words, they can be
fertile sites for potential shear transformation zones (STZs)
under imposed stresses [6,41–43]. From this perspective,
Cu50Zr50 should produce more potential STZs and can
carry more strains prior to failure. In contrast, in the
well-ordered Cu65Zr35 the icosahedral network is more
Zr35 as quantified by their connectivity (C) and average clustering (X Þ

Rigidity

Cico Cnetwork Nnetwork X network

0.59 0.90 0.67 0.13
0.87 0.98 1.57 0.28

.



Fig. 8. Simulated stress–strain curves of the Cu65Zr35 and Cu50Zr50

amorphous solid calculated by the application of simple shear.
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developed, compact and strong, which in turn can resist a
higher load. However, due to the comparatively smaller
flow regions within this alloy, it is unable to mediate large
plastic strains. We believe that this difference in the atomic-
scale structure of the alloys depicted via ICOI and icosahe-
dral network would influence their mechanical responses
associated with homogeneous and subsequent inhomoge-
neous deformation.

A number of experimental [27] and atomistic simulation
[27,47] studies have suggested that the characteristics of
homogeneous deformation are closely related to the
dynamics of the inhomogeneous deformation (shear band-
ing) and thus influence the global plasticity. In these previ-
ous studies, these deformation processes of metallic glasses
were described by the structural evolution of SROs along
with shear deformation [6,7,27]. Although the description
based on SROs has been instructive for investigating the
general features of the local deformation, the analyses lim-
ited to SRO are sometimes insufficient to explore the
detailed principles underlying the homogeneous and inho-
mogeneous deformation [45]. In this section, we first mon-
itor the mechanical response and associated structural
evolution in terms of the fractional changes in SROs to elu-
cidate the general features of local deformation. We then
proceed to consider the shear transformations that involve
ICOI and the icosahedral network.

Of the various bulk-forming Cu–Zr metallic glasses,
Cu65Zr35 has the highest strength (�2.3 GPa) and lowest
plasticity (0%), while Cu50Zr50 shows the lowest strength
(�1.6 GPa) and highest plasticity (5%) [7,27,28]. The
observed difference in the plasticity must be related to the
shear banding behavior and correspond to the intrinsic
atomic-scale structures of the alloys. Therefore, it is of
interest to explore the flow characteristics of the amor-
phous solid inside a shear band and its associated disorder-
ing process. Fig. 8 shows the stress–strain curves of the
model alloys calculated by applying simple shear strain.
Considering that the dimensions of the samples used in this
study are smaller than the typical thickness (10–20 nm) of a
shear band, the mechanical responses of the model alloys in
Fig. 8 can be regarded as the characteristic flow behaviors
of the materials inside the shear band corresponding to
each alloy. In both alloys, stress at first increases as defor-
mation progresses. When it exceeds the critical strength
(sy), the alloys exhibit an abrupt decrease in strength.
Beyond a shear strain of approximately 0.2, the stress tends
to saturate to a steady-state value (ss). The two stresses, sy

and ss, observed from the flow curves in Fig. 8, correspond
to the characteristic strength reflecting the two different
structural states of the amorphous solid [9]; sy is the stress
required to initiate apparent plastic flow, i.e., a homoge-
neous shear of the entire simulation box (a small region
inside a shear band) and thus corresponds to the global
yield strength of the as-prepared amorphous solid. Once
the amorphous solid begins to flow, structural disordering
becomes significant [5,27,41,46–51], causing the material in
the deformed regions to become softened and thereby
achieving a steady-state flow. Therefore, ss can be regarded
as the flow strength of the glass or the strength of a prop-
agating shear band.

It is noted from Fig. 8 that sy is significantly higher in
Cu65Zr35 than in Cu50Zr50, while ss is similar for the two
compositions. As a result, the value of stress drop
(Ds = sy � ss), i.e. softening, is greater for Cu65Zr35.
Recent simulation studies and theoretical models have
shown that the value of Ds in Fig. 8 corresponds to a
change in plastic response due to structural change in the
glass, and that this structural softening determines the ten-
dency towards strain localization and hence influences the
plasticity of metallic glasses [6,44,49,52,53]. Since most
mechanical properties are structure-dependent, the differ-
ences in the degree of softening of the model alloys must
be related to the differences in the initial atomic-scale struc-
tures and their evolution during the homogeneous
deformation.

7. Nucleation of local shear transformation and the stability

of ICOI

It is known that the “homogeneous” plastic deformation
preferentially occurs at the local regions with loose atomic
packing even under stresses that are well below the global
yield [5,7–10,27,47,48,54,55]. This deformation causes
structural disordering, i.e., the creation of new, loosely
packed SROs appearing at the expense of densely packed
polyhedra, such as icosahedra (“partial” dissolution of ico-
sahedra such that the entire box can globally flow at the
imposed strain rate) [9,55–57]. We have examined in more
detail the structural stability of the icosahedra and various
other SROs. We do so by subtracting uniform cell defor-
mation corresponding to global shear strain and calculat-
ing the non-affine atomic displacement as evaluated by
the non-affine strain residue of the center atoms of the cor-
responding SROs. The procedures are identical to those
published in Refs. [9,58].
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Fig. 9a shows the distribution of the non-affine displace-
ment of the constituent atoms in Cu65Zr35 subjected to a
shear strain (c) of 0.1. The constituent atoms of the model
alloy were divided into five groups based on the magnitude
of their non-affine displacement, with each group corre-
sponding to 20% of the total number of atoms, in order
to examine the origin of the differences in the atomic mobil-
ity. Then the atoms of each group, each as the center atom
of certain SROs, were analyzed in order to identify the
atoms’ local environment, i.e., the type of polyhedron the
atom is in, and are labeled using different colors in
Fig. 9b. Some important findings emerge from these anal-
yses. First, the fraction of the icosahedra was the largest
(�13%) in the group with the smallest displacement, but
the lowest (�5%) in the group showing the largest displace-
ment [9]. These results indirectly confirmed the previous
results that shear transformation is favored at regions with
less order [5,9,10] and relatively loose atomic packing
[6,7,27]. The fact that atoms were displaced from their ini-
tial position does not necessarily induce the disruption of
SROs and icosahedra. However, the present analyses lend
support to the idea that an icosahedron would be structur-
ally more stable and thus exhibit higher resistance to shear
deformation.
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Fig. 9. (a) Distribution of the non-affine displacement of the constituent
atoms of Cu65Zr35 as a result of the homogeneous deformation (c = 0.1).
(b) All atoms were sorted by their atomic displacement from low to high,
and divided into five groups, with each group corresponding to 20% of the
total number of atoms. In each group, the atoms were categorized by the
atoms’ occupation as the center atom of certain SROs.
The structural stability of the icosahedra was also quan-
titatively evaluated by measuring the fractions of the icosa-
hedra that were destroyed and transformed during the
homogeneous deformation (c = 0.1), as a function of N.
Comparing the structures before and after the deforma-
tion, the icosahedra that bond to fewer neighboring icosa-
hedra (smaller N for ICOI) were more prone to disruption,
whereas the icosahedra with high N displayed compara-
tively less structural changes, as shown in Fig. 10a. Since
the structural stability is related to the potential energy,
the average potential energy of the center atom (Cu) of
each icosahedron was calculated with respect to its bond
numberNas shown in Fig. 10b. The potential energy of
the center atoms of the icosahedra in Cu65Zr35 decreased
with increasing N. (A similar tendency was also observed
in Cu50Zr50.) This indicates that the icosahedron becomes
structurally and energetically more stable by joining ICOI
with neighboring icosahedra. This is the underlying physi-
cal origin as to why the mobility of the atoms becomes
lower as they form ICOI. The lowered atomic mobility
(and local structural changes) in turn hinders the formation
of new STZs required for plastic flow, thus restricting the
spreading of plastic strain. Therefore, during deformation
of Cu65Zr35, strains would be more likely to be localized
in a smaller number of already-deformed regions (such as
shear bands) rather than spreading out to other less-
deformed regions that still have a high degree of ICOI.

8. Collapse of the icosahedral network and shear localization

The discussion in the previous section indicates an
important feature that a higher degree of ICOI corresponds
to fewer numbers of STZs, suggesting a possible correla-
tion between the ordered structures in the medium-to-
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Fig. 10. (a) Fractional change of the ICOIs, which were destroyed
through simple shear (c = 0.1), as a function of the bond number. (b)
Average potential energy of the center atoms (Cu) of the icosahedra (with
the common composition of Cu6Zr7) as a function of the bond number of
the ICOI.
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extended range and the plasticity of metallic glasses. This
qualitative analysis provides additional valuable insight
into the underlying physics as to why more ordered alloys
exhibit more intense shear localization associated with the
inhomogeneous deformation, i.e., lower plasticity.

The changes in the fraction of ICOIs with different N

were monitored with respect to the shear strain to further
understand the structural origin of the shear instability that
occurs beyond the global yield. During deformation, both
Fig. 12. 3D configuration of the ICOI at various deformation stages, showing
ICOI. Only the ICOI within the thickness of �1 nm in (a) were shown in o
c = 0.05, (d) c = 0.09, (e) c = 0.2, (f) c = 0.3.
the disruption and the creation of the icosahedra take place
simultaneously [45], although their rates are different
depending on the testing temperature and strain imposed
to the sample. As such, in this study, both the disrupted
and new-born icosahedra were counted in the analyses to
correlate with the flow stress. Shown in Fig. 11 are the frac-
tional changes of the ICOIs plotted with respect to different
N and shear strain. Also superimposed in the plot is the
stress–strain curve of Cu65Zr35. As the deformation pro-
ceeded, the ICOIs (N P 1) suffered from disruption, while
the population of the non-interpenetrating icosahera
increased. The disruption of the ICOIs was more promi-
nent for ICOIs with higherN. This is because, to sustain
the global flow at the imposed strain rate, new STZs have
to be additionally supplied, and the icosahedral network
structure has to give up to allow strain compatibility and
sufficiently low viscosity. However, when counting the total
population of icosahedra (see the “1” symbol in the graph),
this structural state was almost saturated at strains beyond
c > 0.2, achieving a steady-state flow [59].

Fig. 12 is the graphical illustration of Fig. 11, showing a
detailed sequence of the collapse of the icosahedral net-
work structure with increasing strain. The points in
Fig. 12a correspond to all atoms that comprise the ICOI
in the icosahedral network structure of Cu65Zr35 and are
labeled in different colors to distinguish Cu (yellow) from
Zr (blue). In order to better visualize the structural changes
the collapse of the icosahedral network structure through the disruption of
rder to better illustrate the structural evolution sequence. (b) c = 0.0, (c)
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of ICOI associated with deformation; only the ICOI within
a slab with the thickness of �1 nm were shown. At a very
early stage of the homogeneous deformation (c < 0.05), the
ICOIs with smaller N (equivalently, those surrounded by
loosely packed SROs) tend to break down. Upon further
loading exceeding the global yield (c > 0.1), the ICOI with
larger N suffered from preferential disruption, which broke
the icosahedral network structure. Beyond c > 0.2, the
apparent structural disorder reached a steady state. There-
fore, the disruption of the structurally stable icosahedral
network was necessary for the onset of the global plastic
flow. During this disordering process, the ICOI with large
N were converted to the ones with smaller N, which not
only acts as the source of new STZs but also results in
structural softening.

9. Conclusion

In the present study, the glassy structure and its role on the
propensity for plastic relaxation of the metallic glasses have
been assessed in terms of the fractions of ICOIs and their
“bond numbers” (N, the degree of volume-sharing connec-
tion to form ICOI). This treatment considering the med-
ium-range structures and their network connections over
extended range provides important details extending earlier
modeling on the effect of SROs and the percolation of SROs.

Cu65Zr35 with dense atomic packing [55,57] is associated
with large fractions of ICOIs with high N, such that the
icosahedra will be more extensively connected to one
another in an interpenetrating fashion, constituting a com-
pact icosahedral network over an extended range. The ico-
sahedral network structure is resistant to stress-induced
shear transformations under applied load, and needs to
be broken down to soften the glass for homogeneous flow.
Therefore, a well-ordered Cu65Zr35, which is characterized
by the extensive network structure and comparatively
smaller number of flow regions, is less likely to accommo-
date large strains through spread-out shear transforma-
tions. As a result, the degree of softening associated with
the disruption of ICOI and network in Cu65Zr35 would
be more pronounced, and likely to result in more obvious
strain localization and lower plasticity.
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