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In this work, we employed classical molecular dynamics simulations to study ZryCugo_xAljo metallic
glasses with a wide metallic compositions ranging from 20% to 70%. Radial distribution functions were
used to determine interactions between like and unlike bonds and the corresponding interatomic dis-
tances. The results showed evidence of short-range order (SRO) in Cu-Al and Al-Zr pairs. The average
interatomic distance of the Cu-Al bond was observed to be shortened by 6% in all the systems studied.
Analysis of coordination numbers (CNs) indicated that the total CN is nearly invariant in these systems.
Finally, common neighbor analysis was conducted to determine icosahedral ordering. The result revealed
that the addition of a low Al concentration to Zr-Cu alloys exhibits more prominent icosahedral ordering,
except at the Zr-rich end.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The first preparation of metallic glass (MG) occurred in 1960
[1]. Since then, many studies of their structures have been con-
ducted at the atomic level in order to reveal the fundamental root
of their superior mechanical properties and resistance to wear
and corrosion [2-4]. Currently, it is widely accepted that short-
to medium-range order exists in MGs, which are packed in quasi-
icosahedral clusters [3].

Recently, there has been a huge interest in the atomic-level
structure and structure—property relationship in MGs [5]. Of partic-
ular interest is the binary Zr-Cu system, which is widely regarded
as a good candidate for bulk metallic glasses (BMGs). As such,
there have been extensive efforts to investigate Zr-Cu systems both
experimentally and theoretically. For example, using the Zr-Cu
binary system, Li et al. showed that there is a clear correlation
between density change and glass-forming ability [6]. Mattern et al.
studied the structural and thermal stability of rapidly quenched
amorphous Zr-Cu alloys in a wide compositional range [7,8] via
high-energy X-ray diffraction, atomic pair correlation functions,
and calorimetric data. The results exhibited monotonic changes
with composition. The same team also investigated the structural
behavior of Zr59Cusg and Zr3s5Cugs MGs under uniaxial tensile stress
by high-energy X-ray synchroton diffraction [9]. They found that
anelastic deformations are accompanied by bond reorientation,
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which leads to direction-dependent changes in the chemical SRO.
The local atomic structure of Zr-Cu amorphous alloys was also
studied by the extended X-ray adsorption fine structure method
(EXAFS) [10]. It was found that icosahedral symmetry dominates
in the local atomic structure of these systems. The authors also
concluded that the addition of Al as an alloying element results in
considerable deviation from the random mixing behavior observed
in binary Zr-Cu alloys.

Numerous theoretical studies have also been conducted on
Zr-Cu systems. Sha et al. [11] employed atomistic methods for
studying Zr-Cu MGs and discovered that the changes in Cu-
centered full icosahedra are the fundamental structural factors that
determine the ease of glass formation. They also found that in
Zr-Cu MGs, an icosahedral shell structure prevails in both short and
medium ranges [12]. Almyras et al. investigated the microstruc-
ture of Zr35Cugs and ZrgsCuss MGs and found that these systems
consist of small touching and/or interpenetrating icosahedral-like
clusters. These clusters obey a simple rule that takes into account
the system’s stoichiometry [13]. They concluded that this approach
allows the prediction of the MG microstructure, which could then
be used for experimental data interpretation and the design of new
MGs. Zhang et al. employed molecular dynamics (MD) simulations
for studying structural anisotropy in ZrsgCusg and Zrss 5Cugg s MGs,
whichisinduced by static uniaxial loading within the elastic regime
[14]. They found that the degree of anisotropy within the elastic
regime increases with the applied load, following an exponential
growth function. Kang et al. investigated the correlation between
experimentally observed plasticity and various properties of Zu-Cr
BMG materials using atomistic simulations [15]. It was reported


dx.doi.org/10.1016/j.jallcom.2011.07.110
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chwong@ntu.edu.sg
dx.doi.org/10.1016/j.jallcom.2011.07.110

108 C.C. Wang, C.H. Wong / Journal of Alloys and Compounds 510 (2012) 107-113

that most of the examined properties show a composition depen-
dency that is roughly comparable to the experimentally observed
plasticity for Zr-Cu BMG alloys.

In addition to binary Zr-Cu systems, ternary Zr-Cu-Al systems
have also been widely researched because of their significantly
lower critical cooling rate for glass formation and improved
strength [16,17]. For example, the relationships among the cooling
rate, Al content, microstructure, and mechanical properties were
established through a systematic investigation of primary phase
precipitationin (Zrg 5Cug s)100_xAlx alloys [18]. It was found that the
formation of metastable austenitic Zr-Cu phases can be improved
by the addition of Al, and composite structures with B2-Zr-Cu par-
ticles can be formed in alloys containing 3-8% Al. A recent study
by Yu et al. reported that the mechanical properties of ZrygCuygAg
BMGs after quasi-static compression are related to the changes in
free volume, density, and structure [19]. Cui et al. conducted MD
simulations on Zr-Cu-Al systems and revealed that the physical
origin of MG formation is the collapse of the crystalline lattice while
solute atoms exceed the critical value, resulting in a hexagonal com-
position region within which the Zr-Cu-Al ternary MG formation
is energetically favored [20]. Ishii et al. investigated the relaxation
and crystallization behaviors of ZrsoCuggAljg BMGs using EXAFS
[21] and found that the ternary BMG has a chemical order around
the free volume.

Moreover, numerous studies have been performed to deter-
mine the reasons behind the differences in the properties of binary
Zr-Cu and ternary Zr-Cu-Al systems. For example, Cheng et al.
performed classical MD simulations on Zr4;CuggAl; MGs to study
the effect of Al content [22]. The authors found that a small
percentage of Al in the ternary MG has a stabilizing topologi-
cal effect, and that electronic interactions involving Al are both
bond specific and environment specific [22]. In addition, both
experimental and computational methods have been employed
to investigate the amorphous ZrsgCuygAlg alloy [23]. It was found
that Al atoms distribute homogeneously around Cu and Zr atoms
without segregation and the addition of Al increases the amount of
icosahedron-like clusters and contributes to a more homogeneous
distribution among different polyhedra.

However, these reported studies mainly focus on a single rep-
resentative system of Zr-Cu-Al MGs. To date, there has been no
systematic investigation of a series of Zr-Cu-Al systems, and the
structural dependence of the compositions of Zr and Cu elements
remains unknown. In this paper, classical MD simulations with
embedded-atom method (EAM) potentials were employed to study
amorphous ZrxCugg_xAlyg alloys (x=20, 30, 40, 50, 60, and 70). On
the basis of these simulations, radial distribution functions (RDFs),
CNs, and the distribution of Honeycutt-Andersen (H-A) indices
[24,25] have been obtained. The results show that icosahedral
ordering favors low to medium Zr concentrations.

2. Simulation details
2.1. Potential functions

It is well known that the accuracy of an atomistic simulation
depends on the potential function. Many studies of MGs have
adopted pairwise potentials such as the Lennard-Jones potential
[26,27]. However, it has been reported that pairwise potentials are
unable to accurately describe the properties of amorphous metals,
which include the Cauchy discrepancy of elastic constants, vacancy
formation energies, stacking fault energies, surface structure, and
relaxation [28,29]. On the contrary, a many-body potential such as
the EAM potential overcomes these inadequacies and is better able
to reproduce some basic features of metallic systems.

In this study, we adopted the EAM potential to describe inter-
atomic interactions in the simulation model. The potential consists

of simple embedding energy functions and short-range pairwise
potential functions, and is given by [29]

For =Y Fon)+ 5 3 4(Ry) (1)
1 l J
i#j

where ¢;; is the short-range pair potential and R;; is the distance
between atoms i and j. The host density p,; is approximated by the
total atomic densities o i.e., pp; = Zj( + l.)p;'(R,-j). Here ,o]?’ is the
contribution to density from atomj. In essence, energy is, therefore,
a simple function of the positions of atoms.

Therefore, in this study, there are six pairwise potential func-
tions and three embedding functions for ternary Zr-Cu-Al alloys.

The parameters for the pairwise and embedding functions are
adapted from reference [22].

2.2. Computational model and analysis methods

The model used in the simulations is a series of ZryCugg_xAl1g
alloys (x=20, 30, 40, 50, 60, and 70) with a total of 16,000 atoms
randomly arranged in a body-centered cubic (bcc) supercell. The
initial positions of Zr, Cu, and Al atoms were allocated according to
their proportions. The initial temperature was set at 2100 K, which
is far above the melting point of the ternary alloy. In the simula-
tions, periodic boundary conditions were applied in all three axial
directions. The MD timestep was set at 1 fs, which is small enough
to prevent any discretization errors. The external pressure was set
to zero to initialize the supercell over 500,000 timesteps under the
isothermal isobaric (NPT) ensemble [30], where moles (N), pressure
(P), and temperature (T) are conserved. As a result, we obtained a
well-equilibrated liquid state.

The system was then allowed to cool down from 2100 Kto 300 K.
The cooling was performed in two steps. The Berendsen thermo-
stat [31] was used to reduce the temperature by 25K over 2000
timesteps and the system was then equilibrated under the NPT
ensemble for another 500,000 timesteps. During the latter process,
properties such as volume, potential energy, and enthalpy were
recorded and averaged. After 72 iterations, the system tempera-
ture will eventually reach 300 K. Therefore, our cooling rate was
calculated to be 5 x 1019 K/s. After cooling, the system was kept in
the NPT ensemble at 300K for another 5 x 107 timesteps. The con-
figurations and atom coordinates were saved at each equilibration
stage and the final stage for further studies.

After obtaining the amorphous Zr-Cu-Al alloys in the sim-
ulations, the RDFs were employed to determine the correlation
between the atoms. The partial radial distribution function (PRDF)
can be expressed as [32]

N N
gap(r) = NLNﬁ <Zza(r - ri,»)> @)
i j#i

where V is the volume of the system, N, and Ng are the number
of atoms « and B, respectively, r;; represents the distance between
atoms i and j, 8(r-ry;) is the Dirac delta function, and the angular
brackets represent the time average. The total RDF of atom i is
denoted by g;(r) and is the sum of the PRDFs for atom i to atom
J» written as g;(r)=> ;g;(r) Similarly, the total RDF for the system
is computed as groe(r)=> igi(1).

To quantitatively determine the bonding preferences of differ-
ent elements, the PRDF was integrated to generate the CNs. It can
be calculated as

T'min
Ny =/ 4mr? pigii(r) dr (3)
0
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Fig. 1. Simulation model of ZrsoCug4pAl; in final amorphous state. Yellow, red, and
blue balls represent Zr, Cu, and Al atoms, respectively.

where atom i is the center atom, atom j is the neighbor atom, rp;,
is the radial distance corresponding to the first minimum value of
g;j(r), and p; is the atomic density of atom j. The total CN for atom i
is calculated as Nj=>  iNj.

Finally, H-A indices were employed to analyze the icosahe-
dral ordering present in these systems. Three indices were used
to describe different H-A pairs. The first index is 1 if the root pairs
are bonded and 2 if the root pairs are not bonded. The second index
represents the number of common nearest-neighbor atoms shared
by the root pairs, and the last index represents the number of bonds
among neighbor atoms. In general, a bcc structure is characterized
by 166-type and 144-type pairs, while face-centered cubic (fcc)
and hexagonal close packed (hcp) structures are characterized by
142-type pairs [33]. In amorphous metals, a perfect icosahedron
contains 12 fivefold 155-type pairs, while 154-type and 143-type
pairs are regarded as compositions of a distorted icosahedron [34].

3. Results and discussion
3.1. Glass transition

In our simulations, all the six systems become glassy with the
cooling rate of 5 x 1019 K/s. An example of a glassy system is shown
in Fig. 1, which depicts the final amorphous state of Zr5gCuggAl;g
with 8000 Zr atoms, 6400 Cu atoms, and 1600 Al atoms. It is well
known that glass transitions are characterized by the absence of
a discontinuity in volume (V) and enthalpy (H) as a function of
temperature (T). However, when glass transition takes place near
the glass transition temperature, the V/T and H|T gradients are
smaller because of lower thermal expansion of solids. Fig. 2(a)
illustrates how enthalpy changes with decreasing temperature of
ZrxCugg_xAlyg alloys. By dividing the curves into two lines, we
obtain the glass transition temperature at the intersection point.
In Fig. 2(b), we show that the glass transition temperature for
Zr50CuyAlig MGis around 680 K, which agrees well with the exper-
imental data of 670-679 K reported by Nagai et al. [35]. The largest
error between our calculated results and the experimental data is
therefore around 1.5%.
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Fig. 2. Enthalpy as a function of temperature for (a) ZryCugg_xAlyo alloys and (b)
Zrs0CugpAlyo alloy. Dotted lines in (b) are extrapolated from the H-T curve. The
vertical line indicates the glass transition temperature.

In addition, the dependence of atomic number density on com-
position is shown in Fig. 3. The number density increases with
increasing Cu concentrations, and this is consistent with the exper-
imental results for binary Zr-Cu alloys studied in reference [ 7]. This
comparison is reasonable since in this study, the concentration of
Al is kept low and constant at 10%.

3.2. Radial distribution functions (RDFs)

Fig. 4 shows the total RDFs for ZryCugg_xAlqg alloys at 300K.
The RDF of every system exhibits a distinct first peak indicating
that there exists a strong SRO. We also observe that the first peak
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Fig. 3. Atomic number density for amorphous ZryCugo_xAl;o alloys.
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Fig.4. Total RDFs for amorphous Zr,Cugg_,Alyg alloys. Individual curves correspond-
ing to different alloys are displaced vertically for clarity.

shifts toward larger radial distance values with increasing Zr con-
centrations, since the radius of a Zr atom is larger than that of a Cu
atom.

Figs. 5 and 6 show the PRDFs for like and unlike bonds in these
systems, respectively. As illustrated in Fig. 5, like bonds exhibit
strong sensitivity to atomic concentrations. For example, in Zr-Zr
PRDFs, the first peak becomes higher when the concentration of Zr
increases. On the contrary, the Cu-Cu pair shows a stronger SRO at
the Cu-rich end. Unlike Zr-Zr and Cu-Cu pairs, the first peak of the
Al-Al pair (Fig. 5(c)) is not as prominent because of the low con-
centration of Al atoms. Fig. 6, which depicts the PRDFs for unlike
bonds, shows that atomic density is not significantly affected by
the radial distance despite different atomic concentrations. Instead,
intensive interactions among the three unlike pairs can be observed
in all systems. For example, even though the ternary alloy consists
of only 10% Al, there are strong Al interactions with Cu and Zr, as
evidenced by the prominent first peaks seen in Cu-Al and Al-Zr
PRDFs.

From the PRDFs, we extracted the interatomic distances and
listed them in Table 1. Comparison of these values with Gold-
schmidt radii (Rz, =1.6 A, Ry;=1.43 A, Rc, =1.28 A) reveals that the
only significant difference exists for the Cu-Al pair, in which the
interatomic distance is shortened by around 6% in all the six sys-
tems. This behavior has also been reported in a previous study
[22]. As a result, from a chemical viewpoint, the ternary Zr-Cu-Al
system is more stable than the binary Zr-Cu system because the
interatomic distance of the Cu-Al pair is shorter.

Finally, the cutoff values for the first shell, i.e., the radial dis-
tance corresponding to the first minimum of g;(r), were obtained
from the PRDFs. For example, for the ZrsoCuggAl;g system, the cut-
off values of Zr-Zr, Zr-Cu, Cu-Cu, Cu-Al, Al-Al, and Al-Zr pairs were
415A,3.75A,3.45A,3.45A,3.55A, and 3.95 A, respectively. These
values were subsequently used to calculate the CNsand H-A indices
in Sections 3.3 and 3.4 respectively.

Table 1

Interatomic distances (A) for ZryCugg_xAlyo alloys.
Alloy Rzc-z¢ Rze-cu Rcu-cu Reu-al Rar-ai Rar-ze
Zr0Cu70Alyo 3.13 2.85 2.55 2.53 2.80 3.02
Zr30CugpAlyo 3.14 2.84 2.55 2.53 2.85 3.00
Zr40CuspAlyg 3.16 2.84 2.53 2.55 2.83 2.96
Zl’50CLl4gAl]0 3.15 2.85 2.57 2.56 2.88 2.98
ZrgoCuspAlyg 3.14 2.83 2.56 2.58 2.88 3.03
Zr70CuyoAljo 3.15 2.86 2.56 2.57 2.82 3.04

a

r(A)

Fig. 5. PRDFs for (a) Zr-Zr, (b) Cu-Cu, and (c) Al-Al like bonds for amorphous
ZryCugo_xAlyo alloys. Individual curves corresponding to different alloys are dis-
placed vertically for clarity.

3.3. Coordination numbers (CNs)

Table 2 illustrates the total and partial CNs for ZryCugg_xAljg
alloys. We observe that CN,; remains nearly constant at 13 despite
changes in composition, and that the CNs for Zr, Cu, and Al decrease
with increasing Zr concentrations. CNz; is the largest of all the six
systems, followed by CN,; and then CNgy. This is consistent with
the difference in atomic radii (Rz;=1.6 A, Ry;=1.43 A, Ry =1.28 A).
Larger atoms possess more neighbor space, which can accommo-
date more neighbor atoms.

However, the CNs shown in Table 2 are unable to reveal the
number of neighbor atoms for each center atom. Fig. 7 shows
the distribution of coordination polyhedra for the ZryCugg_xAljg
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Fig. 6. PRDFs for (a) Zr-Cu, (b) Cu-Al, and (c) Al-Zr unlike bonds for amorphous
ZryCugo_xAl;o alloys. Individual curves corresponding to different alloys are dis-
placed vertically for clarity.

Table 2

CNs for ZryCugo_xAlyo alloys.
AllOy CNa” CNZr CNcu CNAI
Zry0Cu70Alyo 13.05 16.29 12.14 12.92
Zr30CugpAlio 13.06 15.84 11.73 12.66
Zr40CuspAlyg 13.00 15.25 11.33 12.32
Zrs0CugpAlyg 12.98 14.75 10.97 12.21
ZrgoCuspAlyo 12.95 14.25 10.68 11.98
Zr70CuyoAlio 12.94 13.82 10.45 11.79
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Fig. 7. Distribution of coordination polyhedra for ZryCugo_xAl;o alloys.

alloys. We observe that the fraction of atoms having 12 neighbor
atoms decreases from 40% in the Zr,gCu79Al;g system to 12% in the
Zr79CuyoAlyg system. Since one of the prerequisites for an atom to
form an icosahedron is that it should possess 12 neighbor atoms,
the high fraction of atoms with CN = 12 on the Cu-rich end provides
a good foundation for icosahedral formation in these systems.

In addition, we investigated the distribution of CNs for each
element. Fig. 8 depicts the major types of coordination polyhe-
dra observed in the ZrsqCugAlyg alloy, which indicates that Cu
contributes significantly to the formation of CN =12, followed by
Al, and subsequently Zr, which rarely exhibits CN < 13. However,
the fractions shown in Fig. 8 are inadequate for determining the
icosahedral-forming ability of each element since Zr and Cu atoms
are dominant, while the concentration of Al is quite low. Therefore,

10 20 30 40 50
Fraction (%)

I Al
B Cu
I 7

Fraction (%)

Fig. 8. Distribution of coordination polyhedra for ZrsoCug4oAl; alloy. The inset illus-
trates the distribution of coordination polyhedra found in each element.
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Fig. 9. Statistics of H-A indices with icosahedral ordering for amorphous
ZryCugo_xAlyp alloys.

we have also calculated the distribution of coordination polyhe-
dra found in each element (inset of Fig. 8). As shown in the inset,
more than 50% of Al atoms have 12 neighbor atoms. In addition,
Cu atoms are more likely to form small clusters (with CN < 13); of
those, nearly 30% possess 12 neighbor atoms. On the other hand,
only a small fraction of Zr atoms possess coordination polyhedra
formed by 12 neighbor atoms, while the majority of Zr atoms favor
large clusters (with CN > 13). Therefore, these Zr atoms serve as
the neighbor atoms of Cu-centered and Al-centered icosahedra.
This demonstrates that icosahedral or quasi-icosahedral structures
favor smaller atoms as solutes and larger atoms as solvents.

3.4. Common neighbor analysis

Fig. 9 shows the composition dependence of icosahedral order-
ing in Zr-Cu-Al MGs. We observe that the fraction of perfect and
distorted icosahedral pairs is nearly 65% at the Cu-rich end. How-
ever, this value decreases with increasing Zr concentrations. This
decrease is mainly due to the reduction in the number of perfect
icosahedral pairs, which signifies that atoms are less likely to form
full icosahedra at the Zr-rich end.

To gain a greater insight into each individual system, we stud-
ied ZrsgCuypAlyg as a representative system in more detail in order
to determine the distribution of different H-A indices (Fig. 10).
It is observed that more than 25% of the system is made up of
155-type pairs, which are contributed mainly by Zr-Cu, Zr-Zr, and
Al-Zr bonds. We also find that all icosahedral pairs (i.e., 155-type,
154-type, and 143-type pairs) account for more than 55% of the sys-

30
OAl-Zr
B mALAl
__20F OCu-Al
<
= O Cu-Cu
g 15}
'*§ B Zr-Cu
= 10+ @Zr-Zr
5 - i i
L s
131 132 142 143

144 154 155 166
H-A indices

Fig. 10. H-A indices distribution for Zr5oCugoAlyo alloy.

tem, while the crystal pairs (i.e., 166-type, 144-type, and 142-type
pairs) are negligible. This again suggests that Zr5oCuggAl;g has good
icosahedral-forming ability. From the figure, we deduce that unlike
pairs are more likely than like pairs to form icosahedral ordering.
This is because atomic pairs with large negative heat of mixing
(AHp,;y) favor icosahedral formation (Hali;zr = —44KkJ/mol, Hffi;cu
= —23KkJ/mol, HY A = —1k]/mol).

Our results show that Zr49CusgAlyg and ZrsqCuygAlyg have good
icosahedral-forming ability, which is in good agreement with pre-
vious studies [22,23]. However, we also observe that the addition
of Al atoms into the binary Zr-Cu alloy to form a ternary Zr-Cu-Al
alloy results in strong icosahedral ordering at the Cu-rich end. The
strong interactions of Cu-Al and Al-Zr have disordered the original
arrangement of Zr-Cu alloys, which enhances the icosahedral-
forming ability. The smaller possibility of forming icosahedral at
the Zr-rich end is due to the larger radius of the Zr atom. Accord-
ing to reference [36], the atomic size ratio of the solute to the
solvent for an ideal icosahedral structure is about 0.9. If the con-
centration of Zr is very high, a substantial number of Zr atoms will
be surrounded by other Zr atoms, precluding the formation of an
icosahedral structure.

4. Conclusions

We have studied amorphous Zr-Cu-Al alloys using classical MD
simulations. RDF analysis reveals that the interactions of Cu-Al and
Al-Zr are quite strong. In particular, the bond length of Cu-Al is
shortened by 6% in all six systems studied. Therefore, the orig-
inal atomic arrangement in Zr-Cu MGs has been perturbed and
the icosahedral-forming ability has been enhanced with additional
Al atoms. The average CNs of ZryCugg_xAl;g MGs have also been
obtained. The results show that the total CN is almost independent
of composition. In addition, by studying the distribution of coordi-
nation polyhedra, it is found that Cu atoms are more likely to form
smaller clusters, while Zr atoms favor larger clusters. Finally, the
distribution of H-A indices suggests that there are more icosahe-
dra when the composition of Cu is larger than that of Zr or when
the compositions of Cu and Zr elements are approximately equal in
ternary Zr-Cu-Al systems.
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