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a b s t r a c t

We present a computational tensile test which shows the evolution of the atomic structure of a Cu50Zr50
metallic glass nanowire at 300 K as the applied strain increases. The system consists of a parallelepiped
composed by 1.008.000 atoms interacting by means of an embedded atom potential. The local structure
of the atoms is analyzed using the Voronoi polyhedral technique and the nucleation and propagation of
the shear band by monitoring the local atomic shear strain. Our results clearly reveal three regimes: an
elastic regime below 4% of strain, a homogeneous deformation, where the shear band begins to form, and
an inhomogeneous deformation regime, above 10% of strain, where the shear band is formed. Each
regime is characterized by a typical bimodal polyhedra distribution, except at 10% of strain, where the
distribution is unimodal. A detailed atomic level study of the shear band shows that, in spite of the large
displacement experimented by each atomwith respect to its environment, its short range order is similar
to the regions outside the shear band.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metallic Glasses (MGs) are among the most actively studied
metallic materials, both from the experimental and theoretical
point of view, because of their technological promise for practical
applications and scientific importance in understanding glass for-
mation and glass phenomena [1]. Thanks to the bulk size of the
sample, it became possible to investigate the mechanical, physical
and chemical properties of metallic glasses systematically. Several
are the lines of research on MGs nowadays, including glass for-
mation, practical applications and mechanical properties. In
particular, atomic level explanation of the mechanism of elastice-
plastic regime is currently the subject of intense research. For
instance, metallic glasses have much higher yield point sy and
larger elastic strain limit εy (in both cases, more than an order of
magnitude greater) with respect to their crystalline counterpart,
which is thought to be a consequence of the difference in the
deformation and fracture mechanisms between metallic glass and
crystalline alloys. Moreover, it has been demonstrated that these
apparent values for sy and εy, though high, are actually not the
epúlveda-Macías), nicorafa@
Guti�errez).
ceiling, or ideal limit, for MGs. Recently, using sub-micron sized
MGs samples, Tian et al. [2,3] showed these values can be about
twice as high as values observed in bulk metallic glass samples.

It is well known that bulk metallic glasses, in addition to the
high yield strength and an elastic deformation to a strain limit
about 2% (for instance, in the case of CuZr MG the yield strength can
be as high as 2 GPawith an uniaxial elastic strain limit of 2%), show
very little ductility at room temperature [2]. Amorphous metals
lack the tensile ductility and this is one of the main problem that
prevent practical applications [4]. Thus, an understanding of the
elasticeplastic behavior is needed. In contrast, the general mech-
anism of plastic deformation of crystalline metals is well under-
stood. It is known that this regime is mainly mediated by the
nucleation and propagation of dislocations as well as by grain
boundary sliding. This has been shown in experimental and
computational studies [5e7]. In metallic glasses (MGs), on the
other hand, the plastic behavior is quite different from their crys-
talline counterparts and a relationship between atomic-micro
structure and properties remain one of the barriers that has
hampered the progress to wide application of MG [8]. It has been
hypothesized that the plasticity is initiated by structural and
dynamical heterogeneities called shear transformation zones
(STZs). They lead to the generation of free volume and the nucle-
ation of shear bands (SBs), which are characterized by a more
strained, less dense structure than the glass matrix [9e12].
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However, macroscopic MGs are not ductile. The elastic energy
stored in a millimeter-sized sample, subject to stress, is large
enough to nucleate quickly a catastrophic SB causing the rupture of
the MG [13,14]. Nevertheless, when decreasing the volume of the
sample, the stored elastic energy decreases faster than the energy
of the area associated with the localized shear, slowing the shear
banding process and making it less violent, thus avoiding a cata-
strophic failure of the material. Hence, following experiments, as
well as computational simulations, ductility is observed in
submicron-sized MGs [3,15,16].

Many studies have been carried out during the past years in
order to understand the SBs nucleation, as well as to connect them
to thewell known defects given in crystalline metals [17,18,2,19,20].
In particular it would be desirable to have studies which directly
relate the evolution of the SBs and glass matrix structure to each
step of the applied strain, which would allow us to easily connect
the evolution of the atomic structure to the stressestrain curve.
Here we present a molecular dynamic study which shows the
evolution of the atomic structure of a Cu50Zr50 metallic glass
nanowire at 300 K according to the applied strain via a tensile test.
The local structure of atoms is analyzed in detail by means of the
Voronoi polyhedra and the nucleation and propagation of SBs by
means of the atomic strain.

The paper is organized as follows: In Section 2 we explain the
simulation procedure, including the inter-atomic potential and
tools employed. In Section 3 we present the results for the tensile
test and the respective analysis. Finally in Section 4 we draw the
conclusions.

2. Methodology

In order to study CuZr metallic glass system using molecular
dynamics simulations, it is important to choose an adequate inter-
atomic potential to accurately describe the physical properties.
Here, we adopt the embedded-atom potential (EAM) proposed by
Mendelev et al. for the CuZr system [21,22], since it mimics
reasonably well the mechanical behavior of the system, and it has
been widely used and accepted when studying CuZr metallic
glasses [23,24,18,19]. The EAM gives the total energy of an atomic
system in the form [25,26].

U ¼
XN�1
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where ti is the elemental type of atom i, ftitj ðrijÞ is the pair potential
between atoms i and j separated by a distance rij and Fti is the
embedding energy function of atom i in an electron density ri, given
by
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X
j

jtitj

�
rij
�
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The Cu50Zr50metallic glass is prepared using a procedure similar
to the one proposed by Wang et al. [27]. First, a crystalline CuZr b2
system with dimensions of Lx, Ly, Lz ¼ 90.72, 38.88, 38.88 Å,
composed of 8064 atoms is created. Using periodic boundary
conditions (PBC) in all three directions, the temperature and
pressure are set at 2000 K and 0 GPa respectively, allowing the
system to relax for 2 ns using the NPT ensemble [28]. The inte-
gration time step is set at 1 fs. Then, the system is cooled down to
300 K using the following procedure. The first step consists in
reducing the temperature by 25 K over 2000 fs using the Berendsen
thermostat and keeping the pressure at zero using the Berendsen
barostat [29]. In the second step, the system is allowed to relax for
500,000 fs using the NPT ensemble. These two steps are repeated
consecutively until a relaxed amorphous system at 300 K and zero
pressure is reached after 68 iterations. Hence, the calculated cool-
ing rate is 5 � 1010 K/s.

The obtained system is a Cu50Zr50 metallic glass composed of
8064 atoms. In order to generate a bigger metallic glass nanowire,
the system is replicated five times in each direction, giving a total of
1.008.000 atomswith dimensions of Lx, Ly, Lz¼ 453.6, 194.4,194.4 Å.
Free boundary conditions are set in y and z directions, and PBC are
kept in the x direction. This new system is allowed to relax for
100,000 fs to ensure a well-equilibrated sample. With this system
at hand, we perform the tensile test by loading the axial direction of
the system, as shown in Fig. 2(a), at a strain rate of 5 � 108 s�1. For
this purpose, the positions of atoms are rescaled each time step. The
temperature is kept constant at 300 K during the whole procedure.
The molecular dynamics simulation is carried out using the clas-
sical molecular dynamics code LAMMPS [30] and the visualization
by means of OVITO [31]. Some analysis were performed using the
tools provided by LPMD code [32].

The structural changes of the sample generated during the
tensile test, are characterized by using the local atomic shear strain,
hi, implemented in OVITO, defined by Shimizu et al. [17] as

hi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where hab are the components of the strain tensor of atom i. The
regionwhere the local atomic shear strain is less than 0.3 are called
unstrained regions or metallic glass matrix. The region where the
local atomic shear strain is greater than 0.3 are called strained re-
gions. These regions comprise the SB, which is identified by visual
inspection.

The Voronoi polyhedra analysis is used to study the local
structure of the sample, both the strained region and the un-
strained, metallic glass matrix. The analysis is done with the Cþþ
library VOROþþ, developed by Rycroft [33].
3. Results

3.1. Stressestrain curves

The stressestrain curve for amorphous Cu50Zr50 is shown in
Fig. 1. It can be seen that there is an elastic behavior up to 4%. Be-
tween 4% and 6% there is an homogeneous deformation zone, and
over 6% starts the inhomogeneous zone. Note that around 12% of
strain there is an inflection point in the stressestrain curve. The
tensile and flow stress are around 1.98 GPa and 1.14 GPa respec-
tively. In Fig. 2 we display a cross-section view of the whole sample
at four different strain percentages, where atoms are colored ac-
cording to their local atomic shear strain. Fig. 3 shows the same
situation but in this case the atoms with a local atomic shear strain
lower than 0.3 were deleted. In Fig. 2(a) we present the initial
condition, where all the atoms are around their initial positions and
this behavior holds until about 4%. After that, some atoms begin to
cross the threshold of 0.3 shear strain. Of course this situation also
appear in Fig. 3(a) where the simulation cell is empty. Fig. 2(b)
corresponds to a strain of 6%. Here clusters of atoms which have a
local atomic shear strain greater than 0.3 (shown by light blue)
appear at the surface. These clusters are STZs which are not only in
the surface but also in the bulk, as is displayed in Fig. 3(b). As the
strain increases these STZs propagate, coalesce, and nucleate
becoming SB, as can be seen in Fig. 2(c) at the left part of the
sample. After that, the SB develops, weakening the sample in that
region, where it eventually fail.



Fig. 1. Room-temperature stressestrain curve for Cu50Zr50 metallic glass under tensile
deformation.
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In the following we will characterize the structure at an atomic
level, showing the different local structures that appear in each
stage described above.
3.2. Atomic level structure according to strain evolution

The atomic level structure underlying the changes suffered by
the structure allow us to have an insight about the mechanism of
STZs formation and their evolution to SB [34]. This analysis is done
by identifying the short range order (SRO) and the building blocks
of the sample. For that purpose we use Voronoi analysis, a useful
tool employed in MGs research.

The Voronoi analysis is a tessellation method that consists of
dividing the 3-D space into cells centered in each atom, in the same
way as one obtains the WignereSeitz primitive cell in solid state
physics. In our case we link each atom with a Voronoi polyhedral
index that is expressed as <n3, n4, n5, n6>, where ni denotes the
number of i-edged faces of the Voronoi polyhedron. In that way the
arrangement and symmetry of the nearest-neighbor atoms around
Fig. 2. Cross-section view at different strains of the Cu50Zr50 1.008.000 ato
the center atom is described. This analysis is carried out using
Voroþþ software [33].

We analyze two aspects of the evolution of polyhedra with
respect to strain. Firstly, wemonitor the change of the total number
of different classes of polyhedra, ordered according to the number
of faces. That is, for example at 0% of strain there are 34 different
classes of polyhedra: the class of 12 faces, the class of 13 faces, up to
the class of 47 faces. Secondly, for each class there are different
types of polyhedra according to the kind of faces that compose
them. For example, in the class of 12 faces polyhedra, there is a
polyhedron composed only by pentagonal faces, with Voronoi in-
dex 〈0, 0, 12, 0〉; other composed by square, pentagonal and hex-
agonal faces, with index 〈0, 2, 8, 2〉; and other kind of polyhedra
with its respective Voronoi indices.

The first observation is that as strain is applied, the number of
different classes of polyhedra decreases, from 34 classes at 0% strain
to 27 classes at 25% strain, as it can be seen in Table 1. We can
observe that near the 6% of strain, which is the maximum in the
stressestrain curve, occurs a transition from 12-face class to 13-face
class. Beyond 13% of strain, where the SB is already formed, the
predominant class is the 13-face polyhedra, in particular the tris-
kaidecahedra characterized by Voronoi index 〈0, 3, 6, 4〉.

Fig. 4 displays two histograms showing the population of
different classes, both in the whole sample and in the strained re-
gion. Here we focus on four characteristic strains: the initial situ-
ation, that is 0% of strain; 10% of strain, corresponding to
inhomogeneous regime, and finally 20% and 25% of strain, which
correspond to the stage where the SB is completely formed (this is
precisely the zone where the material will eventually fail). We can
observe that in the case of the whole sample (Fig. 4(a)) the distri-
bution is bimodal for all strains. Interestingly, for the case of the
atoms in the strained region (Fig. 4(b)), at the 10% of strain the
distribution becomes unimodal, being bimodal for lower and
higher strain percentage. Note that at 10% of strain, all the classes
have a significantly different behavior at the strained regions with
respect to the whole material. Thus, one can interpret that at 10%
there is a kind of transition, setting the beginning of the SB
formation.

Another revealing analysis is to look at the types of polyhedra
within the same class. We will focus our attention in two main
classes, the 12-face and 13-face class polyhedra. It seems that the
ms system at 300 K. Atoms are colored according to the shear strain.



Table 1
Polyhedra evolution for different strains in thewhole sample. The first column is the
percentage of strain; the second column gives the number of different classes of
polyhedra and the third column informs about the classes that predominate at that
strain (most predominant left, less predominant right).

Strain % Classes of polyhedra Predominant class polyhedra

0% 34 12 13 15 16 14 11
5% 33 12 13 15 16 14 11
6% 35 13 12 15 16 14 17
10% 32 13 12 15 14 16 17
20% 29 13 12 15 14 16 17
25% 27 13 12 15 14 16 17

Fig. 3. Cross-section view of the shear band evolution in the Cu50Zr50 system at different strains. Only atoms with a shear strain greater than 0.3 are shown.
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basic building blocks in CuZr glasses are those that belong to these
classes [19]. Within these classes we will study the behavior of
three characteristic polyhedra: the full icosahedra (FI), the distorted
icosahedra (DI) and a kind of triskaidecahedra (T). The FI is
Fig. 4. Normalized population of polyhedra classes for different strains. (a) Distribu-
tion for the whole material; (b) distribution for the strained regions.
represented by Voronoi index 〈0, 0, 12, 0〉 and has 12 pentagonal
faces. Distorted icosahedra has index 〈0, 2, 8, 2〉, presenting 12 faces
that not all of them are pentagons. Finally the triskaidecahedra has
Voronoi index 〈0, 3, 6, 4〉 and represent a polyhedrawith 13 faces: 6
tetragonal, 3 pentagonal and 4 hexagonal. These polyhedra has
been used in previous works as an estimator of the topological
changes that occurs in CuZr metallic glasses. For example, the full
icosahedra units are characterized by an increased packing density
[35] and high shear resistance [36]. Even more, the plastic defor-
mation in the CuZr glass involves the destruction of this polyhedron
[37].

Fig. 5 presents the changes of 〈0, 0, 12, 0〉, 〈0, 2, 8, 2〉 and 〈0, 3, 6,
4〉 according to the applied strain. Here we observe that in the 12-
face class there are three regimes: below 3% of strain the number of
this polyhedra does not change; then, between 3% and 10% of strain,
the amount of this polyhedra decreases linearly; and after that, the
amount remains constant. In the case of the T polyhedron, it de-
creases a little bit and then around 5% of strain, start to increase to
reach (beyond 20% of strain) its initial value. Regarding to the 〈0, 0,
12, 0〉 polyhedron, the drastic decreases observed after 3% of strain
Fig. 5. Evolution of 〈0, 0, 12, 0〉, 〈0, 2, 8, 2〉 and 〈0, 3, 6, 4〉 polyhedra population ac-
cording to applied strain. Population for the atoms in whole sample.



Fig. 6. Procedure to obtain the shear band sample and the matrix sample (see text for more detail). The system is colored according to the local atomic shear strain. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is consistent with the onset of the plastic region observed in the
stressestrain curve, Fig. 1, in good agreement with the fact that the
FI is destroyed when plasticity begins [37].
Fig. 7. Pair distribution function for the SB 3909 and MT 3932 samples. (a) CueZr PDF
and (b) CueCu PDF.
It is interesting to compare our results of polyhedra evolution
with previous works. For instance, in the work of Cheng et al. [35],
they investigated the structure-plasticity correlation bymonitoring
the short-range order evolution during the deformation, and
identifying the structure features that are predominant during the
onset of plasticity. They found, for a Cu64Zr36 sample with periodic
boundary conditions, that the full icosahedra 〈0, 0,12, 0〉 population
decreases as the plastic flow initiate, while the other major type of
polyhedra only change slightly or stay flat. This is the same trend
that we found in our case, in spite of our test is in a nanowire. Thus,
this kind of behavior seems to be robust.

In order to further investigate the atomic structure of the SB and
the matrix (that is, the unstrained regions) we perform a detailed,
comparative, analysis of both regions. In Fig. 6 it is shown how the
samples were obtained. First, we identify the SB by visual inspec-
tion, and it corresponds to the regions inside the dashed line zone
of Fig. 6. Then, from that zone, we extract a slice with high local
atomic shear strain, represented by the shaded zone (see the ar-
row). From this slice of 20 Å thickness, we extract a cube 20 Å edge.
This corresponds to a 3909-atoms systemwhich we labeled “Shear
Band 3909” (SB 3909). The same procedure is applied to the matrix
system, resulting in a sample with the same volume, but with 3932
Table 2
Bond Angle Analysis (BAA) and Voronoi analysis for the SB 3909 and MT 3932
samples. FCC, HCP, BCC and ICO stand for Face Centered Cubic, Hexagonal Closed
Package, Body Centered Cubic and Icosahedral structures, respectively.

Property SB 3909 MT 3932

% %

BAA
Other 71.6 72.1
FCC 1.2 1.4
HCP 14.0 13.9
BCC 11.4 10.6
ICO 1.8 2.0

Voronoi
〈0, 2, 8, 2〉 4.2 4.2
〈0, 3, 6, 4〉 4.2 4.7
〈0, 0, 12, 0〉 1.8 2.0



Fig. 8. Changes in cluster of CuZr atoms, colored in red, after 20% of strain. (a) the case of atoms at MT 3932, and (b) the case corresponding to SB 3909. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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atoms, labeled as “Matrix 3932” (MT 3932). These samples were
analyzed bymeans of three structural diagnostics: Pair Distribution
Function (PDF), Bond Angle Analysis (BAA) and Voronoi analysis.

Fig. 7 shows the PDF for the SB 3909 and for the MT 3932,
Fig. 7(a) corresponding to the CueZr PDF and Fig. 7(b) to the CueCu
PDF. It can be observed that both PDF are similar. The results of
Bond Angle Analysis (BAA) and Voronoi analysis (Voronoi) are
presented in Table 2. BAA give us information about the local
environment of particles using the AcklandeJones bond-angle
method [38] and assigns a structure type (FCC, BCC, HCP etc.) to
each atom.

Table 2 shows that the BAA for the SB 3909 and the MT 3932
gives almost the same results, where the main difference is pre-
sented for the BCC environment: while SB 3909 has 11.4% BBC
atoms, MT 3932 has 10.6%. In the case of the Voronoi analysis, for
the three characteristic polyhedra investigated, all of them present
similar percentages in both samples. Note that although the region
analyzed for SB 3909 corresponds to a zone with high local atomic
shear strain, the short range order (SRO) for the atoms that belong
to the sample is similar to the MT 3932 sample. Thus, both struc-
tures are practically indistinguishable according to the local
structure analysis performed.

To see in detail what is really the difference between both re-
gions, we focus our attention in a cluster of atoms. Fig. 8 presents
the changes suffered for a cluster of atoms after 20% of strain. In
Fig. 8(a) is displayed the case of atoms at MT 3932, and in Fig. 8(b),
the case corresponding to SB 3909. We can see that after 20% of
strain, in the first case the atoms of the cluster (red atoms) keep the
same neighbors, but in the second case, there is two atomwhich are
far away from the cluster and now those atoms have new neigh-
bors. Interestingly, this is not indicative of any big changes in the
local structure, as we reported in the previous structural analysis.
Thatmeans that the changes occurred in the SB aremore subtle and
they are not captured by local structural diagnostics like PDF, BAA
and Voronoi analysis.

4. Conclusions

We have presented a tensile test on CuZr metallic glass nano-
wire bymeans of molecular dynamics simulation. The stressestrain
curve presents an elastic regime below 4% of strain, then an ho-
mogeneous deformation and after that an inhomogeneous defor-
mation above 6% of strain. From the visualization of the simulation
we can conclude that in the homogeneous deformation region the
MG nanowire is composed by STZs, which coalesce around 10% of
strain, forming the SB. According to our polyhedral distribution
analysis, 10% of strain is a critical value, that set the beginning of the
SB formation. A detailed atomic level study on the strained and
unstrained regions, revealed that although the displacement of
each atom with respect to its environment is very different, the
short range order of both regions is similar.
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