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This paper presents the results of Molecular Dynamics (MD) simulations of Cu60.0Zr32.5Ti7.5 alloy 
through the open source code LAMMPS. Amorphous samples were produced by quenching the molten 
metal from 2300 to 300 K. The pair distribution functions of the liquid and solid were calculated. 
Moreover, the atomic short-range order at 800, 700 and 300 K was obtained by using the Voronoi 
tesselation method. Cu-centered icosahedral clusters were the prevailing configuration. The tensile 
stress-strain curve showed that the material present plastic deformation, however, shear bands were 
not observed in the MD simulation. The evolution of viscosity in temperatures higher than its glass 
transition temperature was also determined. Furthermore, the fragility of the alloy at glass temperature 
was evaluated.
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1. Introduction

When a liquid metal is cooled at a slow or even 
moderate cooling rate, the liquid freezes and forms a solid 
at temperatures below the melting temperature, Tm. At Tm 
the liquid undergoes a first-order phase transition during 
its solidification. It is evidenced by a great difference in the 
level of some extensive properties such as volume, total 
energy, etc. The liquid phase has a higher energy than its 
solid phase; hence, the system will release energy as latent 
heat in order to assume a highly ordered crystalline state. 
On the other hand, by fast cooling the liquids, it is possible 
to obtain a material that persists in a liquid state even below 
Tm. This material is known as a supercooled liquid. As the 
fast cooling continues and reaches temperatures below the 
glass transition temperature (Tg), the material becomes a 
solid with a structure similar to the liquid phase. This state 
is referred to amorphous or glassy, which corresponds to a 
metastable phase1. Nowadays, it is possible to distinguish 
two types of amorphous materials. The first type corresponds 
to ordinary amorphous, which during heating from solid 
state does not exhibit glass transition temperature, and just 
presents a crystallization temperature (Tx). The second type 
presents a clear Tg followed by a supercooled liquid region, 
until it reaches Tx.

During the last decades, the study of metallic glasses 
has gained great industrial and scientific interest due to their 
unique properties such as excellent corrosion resistance 
and high mechanical strength2. However, the production of 

materials with enough thickness for technological application 
is a difficult and costly task. This limitation is related to the 
tendency of metallic alloys to solidify with a crystalline 
structure that corresponds to a more stable phase.

In order to understand bulk metallic glass for technological 
applications, research is still necessary. Nowadays, the study 
of metallic glasses is carried out by different approaches 
such as experimental, theoretical and Molecular Dynamics. 
This last technique can be considered as a virtual lab tool3, 
producing results related to diverse physical and structural 
properties. These results, however, are not always available 
from experimental techniques because the simulated conditions 
can be very different from the actual tests. In addition, several 
semi-empirical models and First Principles were proposed 
to explain the short-range order structure related to the 
Glass Forming Ability (GFA)4. Furthermore, studies based 
on molecular dynamics were applied to study various alloy 
systems. These studies produced a sound prediction about the 
development of different clusters present in the amorphous 
alloys. Until now, a well-accepted approach to describe the 
behavior of all metallic glass systems does not exist.

It is well known that metallic glasses based on zirconium5-7, 
palladium8,9 and rare earth10-12 have high GFA, thus several 
alloys were proposed. However, these materials are relatively 
expensive. Designing amorphous phases using less costly 
materials such as aluminum, iron and copper can be more 
adequate for future engineering applications. Notwithstanding, 
these base elements present a lower GFA than is necessary 
to add adequate alloying elements to increase this ability.
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There are a lot of reports about Cu-Zr alloys13-16 showing 
their glass forming ability. Thus, this binary system is the 
base for adding other elements to more easily produce the 
amorphous materials. Al is a common alloying element 
introduced in these alloys. Although, the ternary alloy 
improves the GFA but the corrosion properties are not so 
high17,18, limiting the potential technological applications. 
Ti is another important alloying element that can partially 
replace the Zr. Ti improves the GFA and the mechanical 
properties19 as well as the corrosion resistance20. In this sense, 
the composition Cu60Zr25Ti15 presents the lowest corrosion 
rate21 of the system Cu-Zr-Ti. 

On the other hand, amorphous alloys present interesting 
mechanical properties. In general, they hold high mechanical 
resistance and exhibit elastic modulus on the same order as 
conventional engineering metals22 although in most cases 
it presents a fragile behavior. It is accepted that plastic 
deformation in metallic glasses is concentrated in narrow 
regions called shear bands23. A well accepted theory was 
proposed by Argon24, later it was developed by Falk25 
and more recently by Schuh26. This theory is based on the 
Shear Transformation Zones (STZ). An STZ is analogous 
to a nanoscopic dislocation loop. Under stress, some small 
group of atoms shifts with respect to a neighboring loop, 
creating plastic deformation. However, recent studies shown 
that shear band formation depended on different conditions 
such as the sample thickness27-30.

In the current work, we use the open source LAMMPS31 
in computational molecular dynamics simulation to study Cu-
Zr-Ti alloy because of its limited experimental data. Detailed 
thermo-physical characterizations of properties of this alloy 
were obtained from simulated and experimental methods. 
The tendency to form amorphous phase was presented and 
discussed as well as its mechanical behavior by tensile tests.

2. Experimental and Computational 
Simulation

2.1 Experimental

Button alloys with the selected composition were produced 
by arc-melting under argon atmosphere and Ti-gettered from 
high purity Cu, Zr and Ti elements. Afterwards, button alloys 
were remelted in quartz crucibles and rapidly quenched by 
melt-spinning the alloys onto a copper wheel, rotating at 
the speed of 30 m/s. The obtained melt-spun ribbons were 
characterized by X-Ray Diffraction (XRD) with Cu-Kα 
radiation and Differential Scanning Calorimetry (DSC) 
under a heating rate of 0.67 K/s at pure argon atmosphere.

2.2 Computational simulation

To model the atomic interaction and to obtain an atomic 
description of the glass formation during the rapid cooling 
of Cu60.0Zr32.5Ti7.5 alloy, the MD simulation technique was 

adopted under the Finnis-Sinclair Embedded Atom Method 
(FS-EAM) potential32. The open source code, LAMMPS, has 
been used to perform the MD simulations. The simulations 
were carried out using a constant number of particles under 
the isothermal-isobaric (NPT) ensemble. The simulated 
system consisted of 32000 atoms in a cubic unit cell of the 
B2 structure with periodic boundary conditions. The number 
of Cu and Zr atoms was adjusted with a number of Ti atoms 
according to the atomic percentage defined by the stoichiometry 
of the alloy under study. First, the alloy was minimized at 
0 K and then relaxed at 300 K by 1 ns. Subsequently, the 
system was heated to 2300 K at a heating rate of 5 K/ps and 
kept at this temperature by 1 ns in order to allow the liquid 
stabilization. After that, the system was cooled to 2000 K and 
then quenched to 200 K with the cooling rates of 0.5, 5 and 
50 K/ps. The MD timestep selected for the simulation was 
2 fs. The structural evolution of the system was evaluated 
through a temperature-volume curve, viscosity, total and 
partial radial distribution function. The Short Range Order 
(SRO) or atomic clusters were analyzed at 800, 700 and 
300 K using the Voronoi tessellation method implemented 
in the open source package OVITO 2.633.

The interactions between Cu, Zr and Ti considered the 
generalized form of FS-EAM potentials developed by Finnis 
and Sinclair32,34. In the FS-EAM potential, the total energy 
Etot of an atom i is given by34:

            (1)

where the sum is over all atoms shorter than a cutoff 
distance. The key features of this formula are the pair-
interaction term ∅, and the embedding function F. The 
parameter F depends non-linearly on the contributions of 
the neighboring atoms to the local electron density ρ. In this 
form, the pair-interaction and electron density functions are 
different from each combination of central atom type (α) 
and neighbor type (β), whereas the embedding functions are 
specific to the species of each neighbor β, and the central 
atom α, respectively.

3. Results and Discussion

3.1 Experimental results

After the experimental quenching, melt-spun ribbons 
with about 3 mm width, 30 µm average thickness and 
some meter length were produced. Figure 1(a) displays 
the DSC curve of the amorphous ribbon carried out at a 
heating rate of 0.67 K/s. The thermogram starts with a 
straight line, then it shows a clear endothermic peak that is 
characteristic of glass transition (Tg = 715 K); followed by an 
exothermic event (at Tx = 762 K) corresponding to the onset 
of crystallization transition. The supercooled liquid region 
of this alloy corresponds to 46 K. Figure 1(b) presents the 
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XRD pattern of the amorphous ribbon. A large halo, typical 
of the amorphous structure without evidence of crystalline 
peaks, can be noted. The halo center of Cu60.0Zr32.5Ti7.5 alloy 
is located at 2θ values of 40.40 degrees.

From the experimental results, it is observed that the 
studied alloy is completely amorphous. Thus, to get a better 
understanding about its GFA, the MD simulation was performed 
at different cooling rates. These high cooling rates produce 
essentially the same glassy structure. Probably the main 
differences are the amount of free volume (less relaxed state)35 
and the amount of icosahedral-like clusters36 and a higher 
energetic state, which is more prone to present relaxation.

3.2 Simulated glass forming results

Figure 2 displays the evolution of Total Energy-
Temperature (TE-T) curves of Cu60.0Zr32.5Ti7.5 alloy during 
heating-up and cooling-down steps to determine the phase 
transition temperatures. The melting temperature during the 
heating step and the glass transition temperatures during the 
cooling-down phase can be noted.

During the heating-up at a constant rate, the temperature 
increases from 300 to 2300 K, and the volume expands 
linearly until the onset temperature where the volume 
increases rapidly. This point indicates the beginning of the 
solid-liquid phase transition at a solidus temperature (Ts). 
The abrupt transition lasts until the liquidus temperature (Tl), 
beyond this temperature the relationship between volume 
and temperature becomes again linear. The following values 
1498 K and 1565 K were obtained for Ts and Tl . MD was 
capable of modeling the correct behavior of this material as 
found in experimental studies, although the values of melting 
temperature were not identical. Indeed, the experimental 
temperature (Tl ≈ 1190 K)37 was smaller than the simulated 
one by almost 350 K. This difference can be explained by 
the assumptions of simulation that consider a perfect crystal, 
without surface effects or even defects. Moreover, when the 
surface is suppressed by periodic boundary conditions, the 

Figure 1. a) Experimental DSC thermogram of melt-spun ribbon obtained at a heating rate of 40 K/min. b) XRD for the same alloy with 
a halo near 40º

system can be superheated to temperatures higher than the 
equilibrium melting point at a higher heating rate. 

During the cooling-down, the volume of the system 
decreases continuously as a function of temperature due 
to the high undercooling condition of liquid, avoiding 
the nucleation and growth of crystals. At glass transition 
temperature, the material becomes rigid and behaves like a 
solid, while preserving the amorphous atomic arrangement. 
The glass transition temperature, in this case, was determined 
as the intersection of two straight lines, with different slopes 
in the TE-T curve (Figure 2). This fact is similar to the 
second order thermodynamics phase transition. However, 
since Tg is dependent on the cooling rates, the kinetic is also 
affected. Therefore, the higher cooling rate leads to higher 
Tg value because the atoms have less time to relax, as shown 
in Figure 2. Cooling curves with the higher Tg temperature 
occur at cooling rates higher than 50 K/ps, for the present 
alloy. Also, the curves obtained at the cooling rates of 5 and 
0.5 K/ps present only a small variation, indicating similar 
behavior at different cooling rates. Nevertheless, some 
differences still exist, such as in the Tg value that is related 
to the cluster distribution and possibly to the level of free 
volume. Moreover, the change of Tg as a result of cooling 
rates usually does not exceed 5 K. For the cooling rate of 
0.5 K/ps, the value obtained by this method to Tg was 705 
K as observed in the inset of Figure 2.

According to the free-volume theory38, excess free-
volume in liquid can be trapped into the glassy state when 
quenching the liquid into a glass. The free-volume depends 
on the cooling rate. The sample cooled at 0.5 K/ps shows a 
relatively lower volume and energy, which indicates a more 
closely packed structure in the final amorphous state. The 
faster the cooling rate is applied to the metallic glass, more 
excess free-volume exists. Conversely, the slower cooling 
rate allows more time to reach the equilibrium, thus a greater 
quantity of free-volume is annihilated.
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Figure 3. a) Total RDF curves obtained during heating to determine the liquidus and solidus temperatures and, during cooling-down at a 
cooling rate of 5 K/ps for the Cu60.0Zr32.5Ti7.5 alloy. b) WA parameter vs temperature obtained during the cooling down step.

Figure 2. Total Energy-Temperature curves for Cu60.0Zr32.5Ti7.5 
alloy obtained at a heating rate of 5 K/ps and cooling rates of 0.5 
and 5 K/ps respectively. In the inset, the curve of cooling down at 
5 K/ps is depicted.

MD allows the obtaining of different properties of 
materials. However, in several cases, it is necessary to 
determine one physical parameter through different methods 
to ensure a more reliable result. Comparing the values of 
Tg obtained experimentally and by MD, through the total 
energy-temperature (TE-T) curve, a difference of less than 
2 % can be noted: 715 K by experimental against 705 K of 
TE-T curve. This small difference allows the evaluation of 
Tg through the well-known Wendt-Abraham (WA) parameter 
(WA = gmin/gmax)

39. In this relation, gmin represents the value 
of g(r) at the first minimum and gmax the value at the first 
maximum of total Radial Distribution Function (RDF) or 
g(r) curve.

Figure 3(a) exhibits the plots of total RDF vs r(Å) curves 
for different temperatures. The first RDF peak indicates the 
average distance between the nearest neighboring atoms and 
the unlike atoms, in this case the pair Cu−Zr. Also, the height 
of the first peak of g(r) increases when the liquid is cooling 
down from 2300 to 300 K, which is evidence of the increase 
in SRO in the first coordination shell of the supercooled 

liquid. Figure 3(b) displays the WA parameter against 
temperature. The Tg was determined as the intersection point 
of two straight lines. The WA parameter emphasizes the local 
character of g(r)40. Hence, it is very useful for comparisons 
among structures since it informs the precise estimation of 
Tg. Still, the 0.5 K/ps rate is closer to the experimental one; 
in the present study the 5 K/ps cooling rate was used to 
determine Tg. This rate presents fewer data points, allowing 
an easier analysis. The value obtained to Tg was 660 ± 
50 K. This high uncertain value is due to the difficulty in 
choosing a correct line at slow cooling rates However, its 
value is in good agreement with the others within a range 
of 50 K. Reduced glass-transition temperature (Trg) can be 
evaluated by dividing the glass transition temperature by 
liquidus temperature as Trg=Tg/Tl.

Several studies showed that GFA is related to the SRO 
and the evolution of the shear viscosity (η) as a function of 
temperature (T)41. It was proposed that the GFA is related to 
the concentration of icosahedral polyhedron4,42. Nonetheless, 
that assumption is not completely true because the fraction 
of icosahedral polyhedron inside the supercooled liquid 
and the amorphous phase also depends on the global alloy 
composition.

Figure 4 depicts the Angell plot (log(η) vs. 1/T curve) 
for the Cu60.0Zr32.5Ti7.5 alloy in the temperature range of 1350 
to 800 K. The liquid presents a relatively modest increase in 
viscosity when it is cooled from 1350 K to Tl. Still, further 
rapid cooling produces a supercooled liquid whose viscosity 
increases faster with decreasing temperature until it reaches 
Tg. In this work, the shear viscosity was calculated using 
the Green-Kubo (GK) method43,44 at temperatures above 
Tg from the simulated data obtained during the cooling 
process under a cooling rate of 5 K/ps. The viscosities 
were evaluated at different temperatures higher than glass 
transition and were fitted using the Vogel-Fulcher-Tamman 
(VFT) relationship45. The fragility was determined by using 
the following expression: 
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Figure 4. log(η) vs 1000/T curve for the Cu60.0Zr32.5Ti7.5 alloy. Fitting 
was performed with the VFT equation. The dots are the simulated 
conditions and line the fitting.

Figure 5. Schematic representation of evolution of cluster distribution at temperatures: a) 800, b) 700 and c) 300 K for Cu60.0Zr32.5Ti7.5 alloy.

Figure 6. Distribution of Icos, DIcos and FCC Voronoi polyhedron in the Cu60.0Zr32.5Ti7.5 amorphous alloy at 300 K. Colorful spheres: 
Cu-purple, Zr-green and Ti-blue.

            (2)

According to the concept proposed by Angell46, the 
liquids can be classified within the "strong" and "fragile" 
extremes using Tg as a scaling parameter36,47. The fragility 
is a quantitative description of diverse kinetic behaviors, 
and it quantifies the viscosity dependence on temperature. 
Values of m for a metallic glass range from 15 to 20 showing 
a near fragile behavior.

3.3 Voronoi tessellation analysis

To establish the relationship between the atomic structures 
and the viscosity evolution, the local atomic structures 
and their evolutions during cooling were analyzed. In the 
Voronoi tessellation method, the index <n3,n4,n5,n6> are 
used; where ni represents the number of i-edged (i = 3,4,5,6,. 
. .) polygons that form a Voronoi polyhedron48-55. According 
to Voronoi analysis, <0,0,12,0> is the perfect icosahedral 
cluster (Icos). The index <0,2,8,2>, <0,2,8,1>, <0,3,6,3>, 
<0,1,10,2>, <1,0,9,3>, <0,3,6,2>, <0,4,4,3> and <0,4,4,4> 
are characteristic clusters of distorted icosahedral (DIcos) 
polyhedron48. Moreover, <0,3,6,4>, <0,3,6,5>, <0,4,4,6>, and 
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Figure 7. Effect of temperature and strain rate on stress-strain 
curves of Cu60.0Zr32.5Ti7.5 alloy.

<0,4,4,7> are associated with distorted FCC (Face Centered 
Cube) polyhedrons whereas the <0,12,0,0> corresponds to 
the perfect FCC. The index <0,6,0,8>, <0,3,6,1>, <0,2,8,4> 
and <0,5,4,4> correspond to the BCC (Body Centered 
Cube)-like cluster52-54.

We have calculated the Cu, Zr and Ti centered Voronoi 
index at three temperatures. The selected temperatures for 
the analysis are 50 K above and below the glass transition 
determined by the energy-temperature curve, respectively. 
The last temperature was the room temperature considered 
as being 300 K. Figure 5 gives the distribution of the 15 
main clusters present in the Cu60.0Zr32.5Al7.5 alloy at 800, 
700 and 300 K. It is possible to observe that in 800 K 
(Figure 5(a)), when the material is in the undercooled liquid 
regime, just a few percent (33 %) of the atoms are building 
the Voronoi polyhedral. The presence of Cu-centered 
Icosahedron polyhedron is about 2 %. Zr and Ti centered 
were not observed. Below Tg, the material is in amorphous 
solid state and changes its atomic configuration as shown 
in Figure 5(b). At this temperature there are 54 % of the 
atoms building the Voronoi polyhedra, and the population 
of DIcos is predominant. Furthermore, the Icos population 
increases one percent from 800 to 700 K. Its evolution in 
cluster population continued slowly until reaching the room 
temperature, where the DIcos population increased slightly 
and the Icos polyhedron reached its maximum population 
of 4 % of the total Voronoi polyhedra (see Figure 5(c)).

From the previous analysis, it was possible to track the 
evolution of clusters during quenching. However, to get a 
better understanding on the amorphous structure, not just 
the quantitative evaluation of polyhedra was considered 
but also its distribution inside the sample. To perform this 
analysis, only the most representative categories termed as 
Icos (Icosahedral clusters), DIcos (Distorted Icosahedral 
clusters) and FCC (Face Centered Cubic packing) polyhedron 
were considered. Figure 6 displays the central atom of Icos, 
DIcos and FCC Voronoi polyhedra distributed inside the 

amorphous phase at 300 K. In this result, Icos polyhedron 
presents a homogeneous distribution with a great fraction 
of Cu-centered followed by a minor quantity of Zr-centered. 
Ti-centered Icos polyhedrons were not observed. Under the 
same conditions, there is a great population of Zr-centered 
DIcos polyhedron with a minor fraction of Cu-centered and 
just a very small fraction of Ti-centered clusters. On the 
other hand, the population of Zr and Cu-centered FCC-like 
polyhedra is larger than DIcos and Icos. A greater fraction 
of Ti-centered polyhedron was observed.

3.4 Simulated mechanical behavior

Figure 7 displays the tensile tests that were performed 
at two strain rates of 1x109 and 1x1010 s-1 at 300 and 400 K. 
In the curves, the stress increases linearly with strain up to 
0.05, indicating the range of elastic behavior of Cu60.0Zr32.5Ti7.5 
glassy alloy. The temperature has weak influence on the 
deformation behavior. The strain rate, nevertheless, affects 
strongly the tensile curve at 300 K. The Young modulus 
derived from the stress-strain slope at elastic region is about 
48.8 GPa. At 300 K, as a function of the strain rate, there is a 
reduction of approximately 25 % in the ultimate strength at 
1x109 s-1 when compared to 1x1010 s-1. The elastic modulus 
remained constant regardless of the strain rate. Moreover, it 
is possible to observe a homogeneous flow stress beyond a 
strain of 0.15 of about 1.5 GPa at temperatures of 300 and 
400 K obtained at the strain rate of 1x1010 s-1. This value 
decreases to about 1 GPa at rate of 1x109 s-1. Experimentally, 
it is known that depending on the temperature, the applied 
strain rate and the glass condition, local mechanistic events 
can be distributed homogeneously or inhomogeneously in 
time and space56. It is worth noting that in MD simulation 
the sample size is usually small. Also the use of periodic 
boundary conditions can affect the deformation mode, which 
can be kept homogeneous for large deformations.

We also analyzed the evolution of the metallic glass 
structures as a function of strain, especially the evolution 
of the Icos and DIcos polyhedron. As the strain increases 
within the elastic deformation range, there is no change 
in the icosahedron fraction. Even beyond the elastic limit, 
the change in Icos fraction is negligible. Agrawal57 found 
a decrease in the icosahedral polyhedron population in the 
Cu60Zr35Ti5 alloy, contrary to our results. The stress-strain 
curves of Cu60.0Zr32.5Ti7.5 reveal that the deformation reaches 
the plastic regime. However, a stress drop (serrations) related 
to generation of shear bands in a monolithic amorphous 
alloy58 was not observed likely because of the homogeneous 
deformation59. It is worthy to note that the shear bands mechanism 
were proposed as the dominant plastic deformation mode in 
bulk MGs23,59. Moreover, the average thickness of the shear 
bands are in 10 to 20 nm range29,57, and the thickness used in 
this study is smaller than those values, similar to previous 
studies60. In addition, a recent study reported that even in a 
larger simulation box, shear bands could not be observed28.
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Thus, despite the small chemical difference between 
the alloys, especially in Zr and Ti contents, the mechanical 
behavior is different and, consequently, the lack of shear 
bands in the current study is expected. It is worth noting 
that the shear bands are normally present in the experimental 
tensile testing of metallic glasses, but their presence depends 
on joint factors such as strain rate and temperature for each 
alloy. Furthermore, it is well known that any localization of 
the strain beyond the atomic-scale occurs in homogeneous 
deformation. Following the Spaepen model, bulk metallic 
glass can be homogeneously deformed at room temperature 
under slow strain rate61. Nonetheless, recent works have 
observed homogeneous deformation at room temperature under 
high stress54,62-65 Also, the observation of continuous plastic 
flow during atomic force microscopy indentation without 
discontinuous events such as pop-in on the Pt57.5Cu14.7Ni5.3P22.5 
metallic glass suggest that the inhomogeneous plastically 
deformation is in the range of micrometers scale.

4. Conclusions

In the current study, the melting and quenching processes 
were simulated to produce an amorphous structure using 
Molecular Dynamics simulations at different cooling rates. 
A tenfold increase in the cooling rate had no apparent 
effect on the short-range order of the final amorphous 
state of Cu60.0Zr32.5Ti7.5 alloy. However, lower cooling rates 
led to a denser packing as well as a smaller volume and 
potential energy, while higher cooling rates produced a 
more free-volume of the amorphous structure. 

The Voronoi tessellation analyses showed that the 
icosahedra-like structures formed around Cu and Zr 
atoms. A significant amount of icosahedra-like structures 
improved the glass forming ability by forming denser 
and more stable local clusters. Based on the simulated 
stress-strain curve, the Young modulus was determined 
as being approximate 49 GPa. Homogeneous deformation 
has been observed. Hence, the deformation mechanism 
of shear bands, typical of amorphous alloys, is probably 
not present in the investigated alloy.
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