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Introduction 

Bulk metallic glasses (BMGs) have drawn much attention due to their interesting 
mechanical properties such as extraordinary elastic strain limits and a high tensile yield stress 
[1-6]. For example, their yield strengths can be up to 1 to 5GPa and elastic strain limits up to 
~2% [7-10]. However, their use for engineering applications has been challenging since BMGs 
exhibit localized strain softening leading to failure and brittleness. The underlying atomic-
scale plastic mechanisms are believed to be mediated by a local microscopic mechanism 
[11-14]. Such localized processes have been observed during high-strain deformation atomistuc 
simulations [15-22] inspiring the development of the shear transformation zone (STZ) concept 
and the effective temperature theory of athermal glass plasticity [23-25].

Much work has been done to clarify the connection between the local atomic structure of 
a glass, its atomic- scale structural evolution and how this collectively results in its macroscopic 
mechanical properties. Early work by Chaudhari and Turnbull developed the idea that local 
glassy structure relaxes towards a maximal packing of local tetrahedral arrangement of 
atoms which in most cases results in minimizing the bond energy. The local packing of such 
unit structure could however only be achieved through distortion, resulting in the frustrated 
structure of the central atom’s icosahedral coordination. Later, Nelson and co-workers 
considered the amorphous solid in terms of an optimal packing of such icosahedral structures 
[26-28]. Because it not possible to pack icosahedral structures in a space-filling way, defected 
icosahedra are needed in which the central atom is either under- or over-coordinated. This 
introduced the notion of local disclinations and a rudimentary (although mathematically 
robust) theory of defects for glassy systems [26-28]. The picture which therefore emerges 
is that the transition to the glassy state is structurally characterized by an increase in the 
number of local atomic environments with an approximate icosahedral coordination, and 
that the material’s extreme rigidity (high stress-strain range to failure) is related to the 
topological nature of the disclination content-locally frustrated icosahedral structures and 
their connectivity. 
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Abstract

Molecular dynamics simulations were carried out to investigate the influence of annealing process at glass 
transition temperature (Tg) on the atomic structure of a model Cu-Zr bulk metallic glass (BMG), especially 
icosahedral short- and medium-range orders (SRO and MRO). Analysis of SRO and MRO is done on voronoi 
tessellation, bond angle distribution and connectivity of clusters. It is found that the amount of icosahedral 
content of the system is significantly increased in a well relaxed structure. Since such SROs construct MROs 
via the icosahedral polyhedron connections, the size of MROs becomes larger as the annealing time is getting 
longer, and eventually make a huge cluster which can be considered as a rigid backbone. While we considered 
four connection types of vertex-, edge-, face-, and volume-sharing, the huge cluster in the relaxed samples 
mainly involve volume-type connection and exhibits a remarkable athermal plasticity that great stiffness 
and great yield strength compared to the as-quenched samples. In addition, the bond-angle distribution of 
annealed sample shows sharp peaks at specific bond angles which is an evidence of crystallized Laves-phase 
formed by icosahedral atoms, however the peaks are to be broaden after loading, which indicates decreasing 
amount of icosahedral content and their shape distortion. These results suggest that icosahedral content in a 
bulk metallic glasses plays a key role to determine the mechanical properties such as rigidity and maximum 
stress carrying capacity.

http://dx.doi.org/10.31031/RDMS.2019.12.000785
https://crimsonpublishers.com/rdms/index.php
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The above considerations have been considered from 
the perspective of both short-range order (SRO-icosahedral 
environments), and medium range order (MRO-connectivity of 
icoshaedral environemnts) within the amorphous solid. Ma and 
co-workers employed the local polytope content to characterize 
the relationship be- tween the structure and the mechanical 
properties in CuZr amorphous systems with different atomic 
concentrations [29]. Here the local polytope associated with an 
atom is the polyhedron derived from a Voronoi tesselation of the 
atomic positions. They found that the polytope most sensitive to the 
structural state is the icosahedron of twelve coordinated Cu atoms. 
Icosahedral content therefore depended on the concentration of 
Cu [29,30]. How such SRO and MRO relates to the structural state 
has been a central topic in past atomistic simulations of model 
amorphous systems, with particular focus on the affect of athermal/
high-strain rate deformation and temperature [31-33] protocols. 
For example, in a Lennard-Jones model binary glass both the average 
cohesive energy and free volume scales linearly with icosahedral 
content [32] indicating a direct relationship with the enthalpy of 
the system [31]. The linear relation with energy has also been seen 
in material-specific MD using the embedded atom method (EAM) 
[34] suggesting a quite general connection that originates from a 
minimization of internal stresses rather than energy.

In the present study, we use the embedded-atom model (EAM) 
potential [35,36] which is particularly appropriate for metallic 
systems, and we select a typical binary Cu-Zr alloy which is able 
to form a bulk metallic glasses with a critical casting thickness of 
few millimeter due to a good glass-forming ability, experimentally 
[37]. To investigate an atomic fraction dependency, CuxZr100−x with 
x=50,64,75 are compared. We found Cu75Zr25 that sample with 
higher Cu fraction composes more icosahedra than Cu50Zr50 and 
Cu64Zr36. Furthermore, long annealing process at Tg creates the 
another significantly large amount of icosahedral content of the 
system. Via the connectivity of vertex-, edge-, face-, and volume 
sharing, such icosahedra construct the clusters, regarded as MROs. 

While the size of the cluster becomes larger as the annealing time is 
getting longer, a huge cluster is obtained in the most relaxed sample 
mainly involves volume type connection. In perspective of the 
mechanical properties such as the athermal plasticity and elasticity, 
the annealed samples which contain a huge size of cluster show 
greater yield strength, ultimate strength, and elastic stiffness than 
the as-cast sample. Moreover, the specific sharp peaks in a bond-
angle distribution, are to be broaden after loading, which indicates 
destruction of icosahedra content and their shape distortion.

Methodology

The MD simulation presently carried out use the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package 
[38]. Atomistic visualization and analysis is done with the OVITO 
visualization soft- ware. An EAM based empirical potential [35,36] 
is used to model the Cu Zn binary alloy system [39].

Sample preparation

Amorphous Cux Zr100−x (x=50,64,75) samples, with a total 
number of 24’000 atoms, were prepared. Starting from a face 
centered cubic arrangement with a random chemical arrangement, 
samples were melted at 2000 K, which is above the melting point 
of the CuZr system and equilibrated for 10 ns using an NVT 
ensemble (fixed volume conditions). Temperature was controlled 
by a Nose-Hoover method [40]. Then, using an NPT ensemble 
(fixed zero pressure conditions) the samples were quenched to a 
temperature of 50K, using a cooling rate of 1.95 X 109K/s. We refer 
to these samples as “as- quenched”. Such a linear quench was also 
interrupted and held close to a glass transition below but close 
to the temperature regime at which the systems transits to the 
glassy state. For each sample (concentration) this was for chosen 
time periods up to 1000ns, after which the quench was continued 
down to a temperature of 50K. These samples are referred to as 
“annealed” samples.

Figure 1: (a) Cohesive energy and (b) Volume per atom as a function of decreasing temperature of Cu50Zr50, 
Cu64Zr36, and Cu75Zr25 samples containing 24’000 atoms. Opened and filled circles represent as-quenched and 
1000ns annealed samples, respectively. The intersection of the gray linear fitting lines in the volume curve 
indicates the corresponding fictive glass transition temperature.
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The variation of cohesive energy and atomic volume with respect 
to the temperature for a linear quench protocol is displayed in Figure 
1. The opened circles and filled circles respectively represent the 
asquenched and annealed protocols. For the as-quenched protocol, 
the slope of the cohesive energy and volume versus temperature 
curve changes below ~1000K, which is a signature of a transition 
to the glassy state. The precise temperature regime at which this 
occurs will depend on the chosen cooling rate. The point where the 
slopes of the glassy and liquid-like lines intersect defines the fictive 
glass temperature, Tg

fictive. For the annealed samples, the high-
temperature simulations for 1000ns results in a significantly lower 
cohesive energy and atomic volume, for all chemical compositions 
considered.

Analysis

The present work employs a number of well-known local atomic 
structural measures:

1. To determine the topological short-range order (SRO) 
of the generated atomic configurations, the Voronoi tessellation 
of the atomic coordinates was used. The Voronoi index (VI) is 
denoted as <n3, n4, n5, n6>, where ni corresponds to the number of 
i-edged polygons. An icosahedral environment would give a VI of 
<0,0,12,0> indicating that the local Voronoi-generated polyhedron. 
Such an analysis method has been used extensively in past works 
[31-34,41,42]. This analysis is done within the OVITO atomistic 
visualization software [43] which uses the Voro++ package.

2. To gain insight into the local connectivity of the icosahedral 
environments and therefore begin to probe MRO, the work of Lee 
et al. [44] is followed. This method investigates the number of 
shared neighbours between two nearest neighbour icosahedrally 
coordinated atom. If an atom contains more than one such nearest 
neighbour, the shortest bondlength nearest neighbour is taken. 
This allows the derived number of shared neighbours to be uniquely 
assigned to a particular atom. Five types of connectivity are labelled 
as vertex-type (sharing one atom), edge-type (sharing two atoms), 
face-type (sharing three atoms), and volume-type (sharing five 
atoms)-type connections. Those icosahedrally coordinated atoms 
without such nearest neighbour are labelled as no-connection. This 
approach will referred to as ICA-connectivity.

3. Another approach to investigate small clusters of nearest 
neighbour icosahedrally coordinated atoms and therefore the SRO/
MRO is via the bond-angle distribution between triplets of such 
atoms. The bond angle at atom i, due to nearby atoms j and k is 
calculated as 

4. 

                    

2 2 2
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Where rij is the distance between two nearest neighbor atoms i 
and j. In the present work, nearest neighbour ICAs are defined to 
be within a distance of 2.6Å from each other. By investigating the 
bond- angle distribution of a model CuZr system, Zemp et al. [45] 
were able to identify CuZr super clusters formed by volume-type 
connections. The obtained distributions peaked at bond angles of 

60˚, 120˚, and 180˚ suggesting small segments of the Laves crystal 
structure where present.

In addition to the above we introduce an explicit structural 
measure based on the bonds between nearest neighbour 
icosahedrally coordinated atoms. Motivated by the work of 
Chaudhari and Turnbull, and Nelson and coworkers [26-28], we 
assign to each such bond the number of shared neighbours. A value 
of n reflects the packing of n tetrahedrons (each defined by the 
two neighbouring ICAs and two common nearest neighbours which 
themselves are neighbours) around the bond. Following Refs. 
[26,27] a value of n=5 reflects a disclination-free bond whereas 
n=4/6 would represent a disclination a negative/positive character.

Results and Discussion

Local structural quantities

To investigate structural evolution during the employed 
temperature protocols, the percentage of icosahedrally coordinated 
atoms is calculated as a function of temperature. Figure 2 plots this 
data for both the as-quenched and annealed samples. For each 
temperature, thermal vibrations are removed by a performing 
conjugate gradient minimization to a local zero force configuration 
for which the icosahedral content is determined. Following the 
red curves, Figure 2 demonstrates that the liquid-like state at 
temperatures higher than Tg contains only a few icosahedral atoms, 
however as the temperature reduces and the glass transition 
regime is entered, the icosahedral content rapidly increases. Below 
Tg, it then saturates at the time-scale of the simulation to eventually 
become the as-quenched sample. The blue curves represent the 
direct quench after the 1000ns high temperature annealing protocol 
at a temperature just below Tg and show that such an annealing 
result in a significant rise in icosahedral content. Figure 1 shows 
that with this increased icosahedral content there is a reduction in 
cohesive energy and a decrease in the average volume per atom.

Figure 3 plots the cohesive energy and volume per atom as 
a function of icosahedral content using the data contained in 
Figure 1 & 2. Inspection of this figure reveals a linear relationship 
between energy/volume and icosahedral content for the three 
atomic concentrations considered. These results are consistent 
with previous MD simulations using a LJ model binary glass [32,33] 
which showed that the average energy and volume per atom re- 
duction was directly related to the decrease in local bond frustration 
and local volume upon creation of icosahedral motives. The linear 
relation between energy and icosahedral content was also seen 
using another EAM potential [34]. The fact that such linear relations 
are seen for both an EAM potential and a model LJ binary glass 
system suggest a universal phenomenon-independent of the force 
model and driven by the balancing of internal stresses rather than 
energy minimization [32]. This picture is further supported by the 
gradients in Figure 3 being independent of the atomic concentration 
ratio, supporting the notion that a quite local mechanism is at play.

Inspection of the atom type underling the icoshadreal content 
reveals the icosahedral environments mainly involve the smaller 



1263

Res Dev Material Sci       Copyright © Soyoung Jekal

RDMS.000785. 12(2).2019

Cu. When considering the icosahedral percentages only in terms of 
the Cu atoms, the 50:50 and 64:36 samples have similar fractions of 
icosadrally coordinated Cu atoms, whereas the 75:25 sample has a 
lower fraction. Indeed the 75:25 sample has an absolute icosahedral 
percentage like that of the 64:36 sample suggesting that there exists a 
maximum level of Cu icosahedral content irrespective of the fraction 

of Cu atoms. The origin of this is likely to lie in the constraints 
associated with icoshaedral connectivity and thus the MRO which 
has emerged at the timescale of the present MD simulations. 
This aspect we now consider by investigating the neighbouring 
connectivity between icosahedral environments.

Figure 2: Corresponding percentage of icosahedra as a function of temperature for Cu-Zr alloys. Red and blue 
lines represent as-quenched and 1000ns annealed samples, respectively.

Figure 3: Cohessive energy and atomic volume as a function of icosahedral content. Each data point represents 
a configuration which has been quenched from configurations at Tg .

Figure 4 plots the ICA-connectivity of Lee et al. [44] as a 
function of time during the high-temperature protocol to produce 
the annealed sample. The data is shown in absolute percentages. 
Also shown is the ICA percentage. During the initial rapid increase 
in total icosahedral content a significant change in the populations 
of ICA-connectivity types is seen. Initially, the vertex- connections 
(involing one common neighbour) has the maximum percetange, 
but rapidly drops due primarily to an increase in the number of 
volume-connections (involving five common neighbours). After 
these large initial changes, both the number of volume-connections 
and face-connections (involving three common neighbours) 

steadily increasing, whilst the number of edge- connections 
(involving two common neighbours) remains largely unchanged. 
This trend is seen for all atomic-type concentration ratios. For the 
50:50 concentration, a small population of isolated ICAs exist. Such 
isolated ICAs are absent in the 64:36 and 75:25 concentrations. 
Thus as the high-temperature structural relaxation proceeds, the 
increasing population of icosahedral environments appears more 
densely connected in terms of neareast neighbour ICAs. The data 
for 50:50 concentration demonstrates that newly created ICAs tend 
to be in regions of existing ICA content, since the number of isolated 
ICAs only negligibly decreases.
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Figure 4: The percentage of the connectivity types between nearest neighbor icosahedral atoms in Cu-Zr alloys. 
By measuring the number of shared atoms between different icosahedra, five types of connectivity can be 
defined: no connection, vertex(sharing one atom)-, edge(sharing two atoms)-, face(sharing three atoms)-, and 
volume(sharing five atoms)- type connection.

Figure 5:  Snapshots of the central atoms of icosahedra in (a) as-quenched and the (b) 1000ns annealed Cu64Zr36 
samples at 50K. Only bonds whose length is shorter than 2.6Å that bond length of Cu are created. In figure(a), 
dotted circles indicate tetrahedron, hexagon, and nearly linear bonds. Visualization is via OVITO [43]. (c)schematic 
diagram of Laves phase polyhedron.

Some insight into the above trends can be gained by visually 
inspecting both the As-quenched and annealed samples. In Figure 
5(a) & 5(b), snapshots of the as- quenched and the 1000 ns annealed 
Cu64Zr36 samples are displayed showing only the ICAs. Bonds 
connecting the nearest neighbour ICAs are also shown. A close 
analysis of this visual data reveals a network of small fragments of 
connected ICAs, in which the bonds form extended linear chains, 
triangles and tetraheda. The number of such structures increases 
upon relaxation. This conclusion is quantitatively confirmed 

through an analysis of the bond angle distribution. Figure 6 shows 
the bond-angle distribution for the as-quenched and the 1000 ns 
annealed samples. Consistent with snapshots of Figure 5(a) & 5(b), 
three types of bond angles of 60˚, 120˚, and 180˚ are preferred. High 
peaks at around 60˚ and 120˚ would result from accumulated ICAs 
with a large number of tetrahedron fragments, while a preference of 
the 180◦ type is representative of linear chains of nearest neighbour 
connected ICAs Figure 6 shows that long annealing times cause 
sharper peaks at the 60˚- and 120˚ -type bond angles.

Figure 6: Bond angle distribution of as-quenched (red) and annealed (blue) samples for (a)Cu50Zr50, (b)Cu64Zr36, 
and (c)Cu75Zr25. Inset figure represent weight of bond angle in crystallized Cu2Zr with laves phase.
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Such bonded structures suggest signatures of the Laves phase. 
Figure 5(c) plots the icoahedral back-bone of the Laves binary 
crystal structure and shows that triangular and pentagon structure 
exist within this ordered phase. Indeed, it is such fragments that 
are responsible for the peaks at 60˚- and 120˚-type seen in Figure 
6. This conclusion is compatible with the work of Zemp et al. [46].

When comparing the final annealed sample to that of the as-
quenched sample, such fragments are isolated structures in the 
as-quenched sample whereas there exists a single system-spanning 
cluster of connected fragments in the more relaxed annealed sample. 
Because icosahedral environments indicates structures with 
minimal (bond energy) frustration, such percolating structures 
are expected to strongly the bulk mechanical properties. It is this 
aspect that we now considered.

Athermal plasticity

Elastic constant via shear deformation: To calculate an 

elastic stiffness, both as-quenched and annealed samples are now 
shear strained by distorting the simulation cell. For distorting, pure 
shear is given along the x direction in the x-z plane with a fixed 
volume. To compare affine (non-relaxed) and non-affine (relaxed) 
deformations, we firstly take 0.04 degree (0.0006981317 rad) shear 
strain increment at 0 K and refer these samples as ”non-relaxed”. Then 
conjugate gradient minimization is repeated every 0.04 degree to a 
new local potential energy minimum and these samples are refered 
as ”relaxed”. Figure 7 presents cohessive energy with respect to 
the shear strain. As we expected, the higher Cu concentration 
makes the stronger stiffness. Also, stiffness of annealed samples is 
greater than that of as-quenched samples, and it is also enhanced 
through affine deformation. Interesting point is the difference 
cohessive energy between non-relaxed and relaxed samples, i.e., 
the gap between non-relaxed and relaxed cohessive energy is get- 
ting narrow with increasing Cu concentration. Consequentially, the 
difference of anneal

Figure 7: Cohessive energy of (a)Cu50Zr50, (b)Cu64Zr36, and (c)Cu75Zr25 with respect to the shear strain. Solid and 
dotted lines represent non-affine (relaxed) and affine (non-relaxed) deformations, respectively. As-quanched and 
annealed samples are distinguished by red and blue colors.

Cu75Zr25 is almost negligible. These behaviors can be clearly 
quantified through calculation of shear modulus. An energy of the 
conuration with atomic volume Ω0 is described as 2

0
1
2

E Gδ= Ω , where 
G is an appropriate shear modulus. 0

1
2

GΩ  can be indicated as ν when 
Figure 7 is fitted by quadratic function, f (x)=a+ν(x-c)2. As a result, 
the shear modulus G is simply calculated as 

0

2ν
Ω

 . Caculated G is 
displayed in Table 1. In agreement with Figure 7, annealed samples 

show the greater shear modulus than as-quenched samples, for 
both ”non-relaxed” and ”relaxed”. Moreover, relaxed shear modulus 
is drastically improved by annealing. For example, relaxed shear 
modulus increases by over 15 MPa in annealed Cu75Zr25 compared 
to as-quenched sample, while there is only 4 MPa increment in non-
relaxed case.’

Table 1: Shear modulus (MPa) of as-quenched and annealed CuxZr100−x (x=50,64,75) with affine (non-re-
laxed) and non- affine (relaxed) deformations.

Cu
50

Zr
50

Cu
64

Zr
36

Cu
75

Zr
25

As-quenched
non-relaxed 21.39 27.78 35.56

relaxed 10.87 17.83 21.38

Annealed
non-relaxed 23.90 34.12 39.87

relaxed 20.48 27.02 36.81
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To examine further details in the structural stability of the 
icosahedra, we calculate the non-affine atomic displacement 
of icosahedral and non-icosahedral atoms, and present |rn.a.-
ra.|

2 in Figure 8, where n.a. and a. denote non-affine and affine, 
respectively. Interestingly, it seems that icosahedrally coordinated 
atoms are strongly bound in certain place while non-icosahedral 
atoms significantly move to find a new local potential energy 
minimum. Previous research [47] also determined that 13% of 

the icosahedra was in the group with the smallest displacement, 
while only 5% was in the group of the largest displacement. This 
evidence indirectly confirmed the results that shear transformation 
is favored at regions with less order [19,47,48] and relatively loose 
atomic packing [49-51]. The present analyses [47] and our results 
support an assumption that an icosahedra is structurally more stable 
and thus exhibit higher resistance to shear deformation.

Figure 8: Difference atomic displacement between affine (non- relaxed) and non-affine (relaxed) deformations 
(|rn.a.-ra.|

2
) of (a)Cu50Zr50, (b)Cu64Zr36, and (c)Cu75Zr25 with respect  to the shear strain. Empty and solid circles 

represent non- icosahedral and icosahedral atoms, respectively. As-quanched and annealed samples are 
distinguished by red and blue colors.
Figure 9(a) & 9(b) show a slice (1nm in thickness) of the as-

quenched sample. Red arrows represent displacement between 
affine and non-affine deformations. When we present atoms with 
larger displacement than 0.5Å in Figure 9(c), only non-icosaheral 

atoms are remained with random moving. On the contrary, all 
atoms with displacement with magnitude of smaller than 0.1Å 
is icosahedrally coordinated. These illustrated figures are well 
corresponded to Figure 8.

Figure 9: Sliced (a) top-view and (b) side-view of 1nm thick- ness of the as-quenched sample. ICO and non-
ICO atoms are colored as yellow and white spheres, respectively. Red arrows represent displacement between 
affine and non-affine deformations. (c) displacement with magnitude of larger than 0.5Å. (d)displacement with 
magnitude of smaller than 0.1Å.
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In case of icosahedral atoms, we further classify |rn.a.-ra.|
2 by 

their connectivity types to examine the origin of the differences in 
the atomic mobility. Figure 10 clearly shows that isolated atoms (no 
connection) dominantly move, on the other hand, volume- and face-

type connections which share a lot of atoms rarely respond to the 
shear strain. Furthermore, even isolated atoms are no- tably less 
active in annealed sample.

Figure 10: Difference atomic displacement between affine (non- relaxed) and non-affine (relaxed) deformations 
of connectivity types which are formed with icosahedral atoms in (a) as- quenched and (b) annealed Cu64Zr36 
sample, as a function of the shear strain at 0K.

Tensile deformation: Because of the short time-scale 
restriction of the MD method, finite temperature atomistic 
simulations of deformation can mainly probe the high-strain rate 
athermal limit of plasticity [52, 53]. We investigate the effect of the 
degree of relaxation as well as Cu–Zr ratio on athermal plasticity, 
and study how such plasticity affects the underlying icosahedral 
structure.

Figure 11 shows the stress-strain curves for the as-cast and 
1000ns annealed samples. The samples were subjected to uniaxial 
compressive loading at a constant strain rate equal to 107s−1 at a 
temperature of 50K (0.05Tg). As shown in the figure, the annealed 
samples show a greater stiffness and a higher peak stress than 
the as-cast samples. At large enough strains the subsequent flow 
stress is found to be independent of the degree of relaxation of the 
configuration prior to loading.

Figure 11: Annealing time dependent deformation of (a)Cu50Zr50, (b)Cu64Zr36, and (c)Cu75Zr25 with constant strain 
rate of 107s−1 at 50K. Red and blue lines represent as-quenched and 1000ns annealed samples, respectively.

Figure 12 presents the variation of the icosahedral content 
for the as-quenched and 1000ns annealed samples with respect 
to the strain. Even though the annealed samples exhibit much 
larger number of icosahedral content than as-quenched sample 
in the elastic regime, both of icosahedral content sharply drop 
at around a breaking point of the deformation curve and show 
liquid-like behaviour. According to ref. [54], the icosahedral content 
drops in samples indicating structural excitation, as the plastic 
strain evolves beyond the peak stress response. Using the nearest 
neighbour connectivity classification scheme of Ref. [55], this “break 
up” of the icosahedral structure can now be better understood. 
Now, the changes in the fraction of different connectivity types were 

monitored with respect to the tensile strain to further understand 
the structural origin of the instability that occurs beyond the global 
yield. Figure 13 plots the percentage breakdown of the icosahedral 
connectivities as a function of strain for 1000ns annealed samples. 
The percentage of isolated icosahedral environments increases, as 
does the vertex- and edge-type connectivity. On the other hand, 
the face- and volume-type connectivity decrease. Interestingly, the 
volume-type connectivity (which is the only type to show an increase 
with annealing) reveals the most rapid de- cline. Such process 
occurs mainly in the transition regime from elasticity to plasticity, 
when the system’s stress is at its maximum. This is because, to 
sustain the global flow at the imposed strain rate, the icosahedral 
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network structure has to give up to allow strain compatibility and 
sufficiently low viscosity [44, 56]. However, this structural state was 
almost saturated at strains beyond >0.1, achieving a steady-state 

flow. Together this suggests that as athermal plasticity proceeds 
and the structural state is excited the initial percolated icosahedral 
cluster under- goes fragmentation.

Figure 12: The percentage of icosahedral content with respect to the strain for (a)Cu50Zr50, (b)Cu64Zr36, and (c)
Cu75Zr25. Tensile strain with a constant rate of 107s−1 at a temperature of 50K. Red and blue lines represent as-
quenched and annealed samples, respectively.

Figure 13:  The percentage of the connectivity types between nearest neighbor icosahedra in 1000ns annealed 
Cu-Zr samples as a function of the tensile strain.

Figure 14 shows the bond-angle distribution of 1000ns 
annealed samples of before and after loading. The sharp peaks 
at specific bond angles are to be broaden after loading, which 

indicates decreasing number of icosahedral content and their 
shape distortion.

Figure 14:  Bond angle distribution of before (solid line) and after (dotted line) loading of 1000ns annealed 
samples.
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As mentioned in previous papers [19,48,50,57-60], it is known 
that the homogeneous plastic deformation preferentially occurs at 
the local regions with weak atomic connectivity. This deformation 
causes structural disordering, i.e., the destruction of highly 
connected clusters but creation of new isolated atoms [57,61], also 
found in Figure 13.

For last, by shear strain, we are able to find a single shear band 

in the Cu64Zr36 sample (Figure 15(a)), and surprisingly the shear 
band exists in a region with a relatively small number of icosahedral 
atoms (Figure 15(b)). Further, we investigate distribution of 
icosahedral connectivity types of volume and no connection along 
the z-direction of the corresponding state of Figure 15(a) & 15(b). It 
is found that the occurring shear band is due to a lack of icosahedral 
contents and resulting weak connections between of them.

Figure 15: (a) Failure through a single shear banding at 50K. The colour denotes the atomic shear strain.   (b) 
Snapshots    of the central atoms of icosahedra at a same state with figure (a). Visualization is via OVITO [43]. 
(c) distribution of volume-type connected icosahedral atoms and isolated icosahedral atom with respect to the 
z-direction of figure (a) and (b).

Conclusion

The structural and mechanical properties of Cu-Zr alloys in the 
glassy state were investigated by MD simulations. In well above 
the Tg, a large increase in the number of icosahedral contents 
was observed by decreasing temperature, especially at around Tg. 
Additionally, a long-time annealing process close to the Tg generated 
another significant increase in number of icosahedra.

In perspective of MROs, such large amount of icosahedrally 
coordinated Cu atoms (smaller atoms) connect with the nearest 
neighbor atoms and form a huge cluster which can be considered to 
be the most rigid backbone as a result. It was found that volume-
type connectivity (shares five atoms) eventually dominates as 
structural re- laxation proceeds, while vertex-type connectivity 
(shares one atom) is mainly involved in the as-quenched sample.

We also provided the effect of the degree of relaxation on 
athermal plasticity, and how such plasticity affects the underlying 
icosahedral structure. The annealed samples show a greater 
stiffness and a greater yield strength than the as-cast samples. 
With a uniaxial loading, the percentage of isolated icosahedra (no 
connection), the vertex- and edge-type connectivity increase, while 
the face- and volume-type connectivity decrease. In addition, the 
sharp peaks at specific bond angles in the bond-angle distribution 

are to be broaden after loading, which indicates decreasing number 
of icosahedral content and their shape distortion.

For last, the elastic stiffness was calculated via shear 
transformation. Annealed samples show a greater shear modulus 
than as-quenched samples, which consists with stress–strain 
curves obtained by uniaxial loading. When shear modulus of affine 
deformations is always larger than that of non-affine deformation, 
this is mostly due to migration of nonicosahedrally coordinated 
atoms and some contribution comes from isolated icosahedral 
atoms.

From these results, we suggest that icosahedral con- tent in an 
amorphous structure plays a key role to deter- mine the structural 
stability and the mechanical proper- ties such as rigidity and 
maximum stress carrying capacity.

Future Works

Both MD simulations [31,62] and the ARTn method [13,14,62] 
reveal localized structural excitations (LSEs) taking the form of 
extended string-like and ring-like atomic displacements. The 
structural environment around such LSEs has yet to be investigated 
in terms of icosahedral content and connectivity. In particular, 
does the extended string-like geometry of the LSE correlate with 
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the surrounding icosahedral structure? Is there also a statistical 
difference in the energy landscape for LSEs associated with the 
creation of icosahedral content? Answers for these questions 
would give a better understanding of the analogy of alpha and beta 
processes in BMGs.
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