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Atomic size differences between constituting elements and the heat of mixing are key factors in designing
a metallic glass system. In this study, the effects of atomic size differences and the heat of mixing on the
glass-forming ability and the local structure of metallic glasses were studied via molecular dynamic simu-
lations of an ideal system known as the Lennard-Jones embedded-atom method model. The atomic size
difference and the heat of mixing of the system were varied by means of the Lennard-Jones parameters.
The glass transition behavior was characterized based on the chemical short-range order and by a Voronoi
analysis. Our simulations lead to optimized windows of atomic size differences and heat of mixing param-
eters for metallic glass-forming of the model system. Both a greater negative heat of mixing and a larger
atomic size difference are necessary for the enhancement of the glass-forming ability.
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1. INTRODUCTION

Metallic glasses have drawn much attention due to their
unique mechanical properties. Due to the absence of a long-
range order in its atomic structure, metallic glass (MG)
shows a high yield strength, a large elastic limit (~2%) and
limited plasticity, especially in tensile mode. Although sig-
nificant progress has been made in developing new alloy
systems with degrees of high glass-forming ability (GFA),
most experiments are based on three empirical rules for a
high GFA: a multi-component system, a considerable degrees
of negative heat of mixing and a large difference in the
atomic size between the constituting elements [1,2]. For the
transition from the liquid phase to glass, it is necessary to
suppress the nucleation and growth of the competing crystal-
line phase. From the viewpoint of thermodynamics and
kinetics, this can be achieved through stabilization of the lig-
uid phase by forming a densely packed liquid structure [3];
destabilizing the competing crystalline phase by introducing
large elastic strain energy [3,4]; and by forming new local
atomic configurations in liquid, such as icosahedral clusters
[5,6], which are completely different from those of the corre-
sponding crystalline phases.
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Although the empirical rules for GFA are widely accepted
ideas, it is difficult to observe experimentally the direct
effects of the atomic size difference and heat of mixing on
the GFA and local atomic structure: Because there are
diverse types of alloys that exhibit glass phases with differ-
ent bonding characteristics and phase equilibrium behavior,
it is difficult to find a direct and qualitative relationship
between GFA and the atomic-level characteristics. In order
to overcome the complexity of experimental data analysis
[7,8], many theoretical studies have been performed, mostly
based on ideal models such as a hard sphere or Lennard-
Jones (LJ) glass [9-13]. However, these ideal systems use
simple pair potential models while neglecting the many-
body characteristic of metallic bonding. Therefore, the ten-
dency drawn from a hard sphere or from LJ glasses may not
be directly comparable with trends in real metallic glasses.

There have also been a number of molecular dynamics
studies of GFA based on embedded-atom method (EAM)
models [14-33]. However, because the models are matched
to particular alloy systems, these previous works are not
appropriate to explain the general effects of atomic size dif-
ferences and the heat of mixing on GFA in metallic glass
systems. Hence, an explanation of the atomic size and heat
of mixing effects based on empirical trends needs to be rein-
vestigated systematically with realistic models appropriate
for metallic systems. In this study, molecular dynamics (MD)
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simulations were employed to resolve the effects of the
atomic size difference and interatomic bond strength on the
GFA and local atomic structure during quenching and in a
quenched state. Because many parameters operate simulta-
neously in a real system, it is difficult to isolate the effects of
the atomic size difference and heat of mixing separately
from other parameters. Here, instead of considering a com-
plex alloy system, we chose an ideal system known as the
Lennard-Jones embedded-atom method (LJ-EAM) [34-43].
This model system has been used to describe the main fea-
tures of metallic systems with the two parameters of the
equilibrium interatomic distance and the potential well-depth
[34-43]. Therefore, the LJ-EAM is considered to be suitable
to analyze the effects of the atomic size and heat of mixing
parameters on GFA and local structure changes indepen-
dently in metallic glass systems. (Furthermore, due to its
simple form, this model is easily extendable to multi-compo-
nent systems.) Here, through molecular dynamics simula-
tions based on the LJI-EAM models, we calculated various
structural properties of LJ-EAM glasses, including the lattice
crystallinity and fraction of icosahedral clusters as a function
of the adjustable potential parameters of the atomic size and
potential well depth.

2. EXPERIMENTAL PROCEDURES

2.1. Interatomic potentials

In order to investigate the effects of various atomic size
ratios and heat of mixing parameters, MD simulations were
carried out based on the LJ-EAM potential model. Like the
Lennard-Jones system, the LJ-EAM model has two physical
parameters: the equilibrium interatomic distance (= %/20)
and the potential well-depth ¢ [33]. However, unlike the
Lennard-Jones system, the LJ-EAM model represents metal-
lic bond characteristics by introducing the many-body inter-
action formalism of the embedded atomic method (EAM)
model [33].

For a binary material described by classical LJ pair poten-
tials, the interatomic potentials between atoms i and j take
the form

1

TR ()|

where £ 5, and Os;s, correspond to the attractive well depth
and the diameter for the LJ potential describing the interac-
tions between species S; and S; (S = 4 or B). The total energy
E of a binary LJ-EAM system is given by the usual EAM
form [33].

E z“I:S (p )+2 J¢|¢S5(ru) (2)

where Fg (pi) is the embedding energy and bs. s, (r;) 1is the
pair interaction term between atoms i and j J separated by dis-

tance 1. For F(p) , we set the parameters of many-body bond-
ing and the decay of the electron density to 0.8 and 6.0,
respectively, such that the model alloys exhibit an equilibrium
solid state of a face-centered cubic structure. A more detailed
description of the functional form of Fg(pi) and ¢ 5, (ry) in
the LI-EAM model can be found in the literature [33]

2.2. Simulation procedure

All of the simulations were carried out based on the LJ-
EAM potential model. First, we arbitrarily set the equilib-
rium interatomic distance of A-4 pairs, 1 (= 4/20,,) , 1032 A.
We chose a potential well-depth eaa=egs=0.5 eV for both
species 4 and B. Then, by changing the atomic size parame-
ter r5(= 26, 5) and pair interaction parameter €ap, various
LJ-EAM alloys were designed. Here, we define the atomic
size ratio rga =18/t and heat of mixing parameter €apaa
= gan/€an OT €ap/epp. By setting 15,4=1.00, 0.95, 0.90, 0.85,
and 0.80 and €apas=0.90, 0.95, 1.00, 1.05, 1.10, 1.15, and
1.20, a total of 35 (=5x7) alloy systems of different (rs/a, €an/as)
combinations were generated. Then, LJ-EAM alloys can be
expressed as (ts/a, €amaa) On the (x, y) plane, where x is the
/s value and y is the eapaa value. For the set of alloy sys-
tems represented by (Iw/a, €ap/an), the heat of mixing was cal-
culated by molecular static simulations. Next, in order to
evaluate the GFA, MD simulations of the quenching process
were carried out as follows: simulation cells containing
10,976 atoms with a periodic boundary condition in all three
dimensions were generated. The samples were melted and
equilibrated at 2000 K (well above the melting temperature)
for 1 ns (where the time step At=2.5 fs) and quenched into
glassy states (T=50K) at a cooling rate of 10"'K/s, after
which they were annealed (T=50 K). Finally, the structures
were characterized based on the chemical short-range order
(CSRO) and a Voronoi analysis.

3. RESULT

3.1. Heat of mixing

The heat of mixing was calculated by computing the internal
energy difference between the solid solution and pure com-
ponents at 0 K as follows:

AHmix = Emix_ (XAEA + XBEB) (3)
Here, E.ix, Ea and Eg are the internal energies of the randomly
mixed fce solid solution and of pure 4 and B, respectively, and
Xaand Xp are the mole fractions of the 4 and B components,
respectively. Also, the heat of mixing can be estimated using a
regular solution model with the interaction energy parameter &
between the A-4, B-B, and A-B pairs. Figure 1(a) shows the
composition dependences of AHnix for 154a=1.0 calculated at
various interaction parameters €apas ranging from 0.9 to 1.2.
In this graph, the symbols represent the results of molecular
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static simulations for randomly mixed alloy structures with
lattice relaxation and the solid lines represent the results of
the regular solution model. With the same atomic size of 1/a
=1.0, the results of the random-mixing simulations are not
very different from those of the regular solution model.
They are symmetric with respect to the composition, as the 4
and B atoms are of the same size. When gapaa=1, AHnix=0,
as the bond strength of the 4-B pair is identical to that of
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Fig. 1. Composition dependences of AHui: (a) for ra=1.0 and (b)
for 1p4=0.8, calculated with various interaction parameters €apaa,
(star symbol for the molecular static simulation, solid line for the reg-
ular solution model); and (c) heat of mixing of the As(Bs alloy plotted
on the coordinate space of (1—14)” and eap/aa With iso-lines of AHpx.

090 0.95

the 4-4 and B-B pairs and because 4 and B are chemically
identical, or isotopes. However, when €ap/aa 1s not equal to
1, the regular solution model slightly underestimates the
absolute value of the heat of mixing compared to the calcu-
lated value of AHnix for both attractive (eapasn>1.0) and
repulsive (gapaa<l) cases. The slight difference between
the calculated values and those predicted by the regular
solution model may be understood by the effect of the
many-body interactions of the LJ-EAM model.

Figure 1(b) shows the composition dependences of AHix
for rp/a=0.8 at various interaction parameters €apaa ranging
from 0.9 to 1.2. In this graph, it can be noted that the calcu-
lated heat of mixing is much larger than the estimated values
according to the regular solution model for all calculated
conditions irrespective of the attractive or repulsive interac-
tions between the A-B pairs. This result clearly indicates that
the atomic size difference plays a role in increasing the inter-
nal energy of the crystalline solid solution [4]. The regular
solution model assumes the atomic bond length to be con-
stant based on a fixed lattice model and only considers the
internal energy contributed by the chemical interaction energy
between two components. However, in an actual situation,
the crystal lattice of a random-mixing alloy should be dis-
torted and the atomic size mismatch leads to an increase of
the internal energy, which corresponds to the elastic strain
energy stored in the solid solution. For the same reason, even
when espasa=1, the system exhibits large positive heat of
mixing due to the large size difference. Also, it should be
noted that the calculated AHp is fairly non-symmetric with
respect to the composition [11].

Figure 1(c) shows the distribution of AHui for AsoBso
alloys for various LJ-EAM systems plotted on the coordinate
space of (l—rB/A)2 and eapaa. The iso-lines of AH,;, are also
included for various positive and negative AHnix values. The
iso-lines appear to be straight lines in the (1-Tga)'—Eamas
coordinate space, implying that AH is a simple linear func-
tion of (l—rB/A)2 and (1_8AB/AA)~

3.2. Quenching process

Figure 2 shows snapshots of the atomic structure analyzed
by the coordination number analysis (CNA) method [44] for
selected LJ-EAM systems: (14, €apaa) = (1, 0.9), (1, 1.2),
(0.8, 0.9) and (0.8, 1.2) at different temperatures during a
rapid cooling process. Only some selected atomic configura-
tions of high crystallinity, including fcc, hexagonal closed-
packed (hcp), body-centered cubic (bcc) and icosahedrons
clusters, are displayed for convenience. In alloys with the
same atomic size, rs,2=1.00, fcc, hep, bee type atomic con-
figuration appears, indicating that these alloys have poor
GFA characteristics regardless of their heat of mixing prop-
erties. The formation of crystalline clusters is always pre-
ferred at lower temperatures and in both alloys having either
attractive or repulsive interactions between two components.
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Fig. 2. Snapshot of the atomic structure as analyzed by the CNA
method during the quenching process (navy: fcc, cyan: hep, yellow:
bec, red: icosahedron).

These results strongly imply that liquid alloys consisting of
elements with the same atomic size can easily crystallize by
crystal nucleation during cooling. In alloys with 1p,=0.8,
clusters with an icosahedral local structure formed instead of
a crystalline local structure. The popularity of icosahedral
clusters is much higher in the case of a negative heat of mix-
ing as compared to a case with a strong positive heat of mix-
ing. Considering that the stable crystalline phase in this LJ-
EAM potential is the fcc phase, a local atomic configuration
such as an icosahedral cluster is far different from the local
atomic configuration in the competing crystalline phase
[5,6]. Therefore, the preferential formation of the icosahedral
cluster can be considered as an indicator of the GFA. The
high popularity of the icosahedral cluster in the alloy with
1r/4a=0.8 and with gapaa=1.2 suggests that this alloy has the
highest GFA among the alloys studied here.

3.3. Structure analysis

Figure 3 shows the atomic structure of the solid obtained
after the quenching process. In the €apaa=0.90 case, phase
separation occurred due to the repulsive interaction between
two components. The atomic image of (tp/a, €amaa) = (1.00,
0.90) shows a crystalline structure, while the atomic image of
(tB/a, €anian) = (0.80, 0.90) shows a meta-crystalline structure.
For alloys having strong attractive interaction between two
components, for example gapas=1.20, 2a homogeneously mixed

(0.80)

Fig. 3. Snapshot of a solid after the quenching process (50 K) (gray:
A atom, yellow: B atom).

solid solution is formed. While the atomic image of (ts/a, €ap/an)
=(1.00, 1.20) shows a clear crystalline structure, the atomic
image of (wa, €amaa)=(0.80, 1.20) shows an amorphous
structure. These results show that a different atomic structure
is obtained due to the atomic radius difference despite the fact
that the chemical bond strength is identical. Because the effect
of the atomic radius difference can essentially induce the
effect of positive mixing enthalpy between the atoms, the ten-
dency for phase separation becomes higher as the difference in
the atomic radius increases. The presence of neighboring atom
with a large atomic size difference raises the energy level of
the crystalline state, thus destabilizing the crystalline state.
Therefore, when the atomic size difference is large, the atomic
structure is not in the crystalline state in spite of the occurrence
of phase separation. The crystallinity of the quenched alloy
was further analyzed by means of a radial distribution function
(RDF) analysis.

Figure 4 is a map showing a summary of the phase evolu-
tion in quenched solid specimens, plotted in the coordinate
space of rg/a and €ap/aa. The phase space can be divided basi-
cally into three regimes: phase separation, the crystalline
phase, and the glass phase. Phase separation occurs mainly in
alloys having a positive heat of mixing AHui, in good agree-
ment with Fig. 1(c). Also, a large atomic size difference pro-
motes the occurrence of phase separation. The crystalline
phase was found when the atomic size difference is small irre-
spective of the interaction energy, indicating that the atomic
size difference is an essential factor in improving the GFA [3].
Finally, the glass phase was found in the regimes having a
large difference in the atomic size between two components
and negative heat of mixing sufficient to prevent phase separa-
tion. These results are in agreement with Inoue’s three empiri-
cal rules for a high GFA [1]. For a more detailed explanation, a
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Fig. 4. (a) Distribution of the phase in a quenched solid plotted in the
coordinate space of rya and €apaa. (b) a CSRO (Warren-Cowley
parameter) map at AsoBsp. The Warren-Cowley parameter [28] is

defined as o= 1— CC”‘)‘; where C is the coordination number, Xzis the

*Ap
atomic fraction of element B and C; is the partial coordination num-
ber of element B around element A. >0 indicates clustering or phase
separation, whereas a.<0 denotes chemical ordering; a~0 signifies a
random solution. (c) Packing density map at AsoBso.

CSRO (Warren-Cowley parameter) map and a packing density
map at AsoBso are shown in Figs. 4(b) and (c), respectively.

4. DISCUSSION

In this section, we discuss the variation of the heat of mixing
shown in Fig. 1 as a function of the interaction energy param-
eter €apaa and the atomic size difference parameter rg/a.
Figure 1(c) shows that the heat of mixing in the solution is a
simple linear function of (l—rB/A)2 and (1—eapan); it can be
expressed through the following equation:

AH, = A(1—€xp/a0) +B(1-154)° @)

The first and the second terms correspond to the chemical
interaction energy contribution and the atomic size differ-
ence contribution, respectively. The calculated heat of mixing
could be best fitted with A=156.2 kJ/mole and B=707.6 kJ/
mole. The chemical interaction energy term can be estimated
using a regular solution model, which gives an A value of
144.7 kJ/mole. In the regular solution model, only the first
nearest interaction energy is considered, resulting in an
underestimation of the heat of mixing, as shown in Fig. 1(a).
Figure 1(b) shows the different degree of symmetry in the
heat of mixing curves depending on the atomic size differ-
ence. The reason can be discussed as follows: firstly, the
potential well curve is non-symmetric at equilibrium. When
a large atom is located at the center (lattice) of small atoms
with a shorter pair distance than the equilibrium distance, the
internal energy change will be larger compared to when a
small atom is located at the center of large atoms with a
longer distance than the equilibrium distance; secondly,
there is a strain difference between the two cases, i.e., when a
large atom is located at the center of small atoms and when a
small atom is located at the center of large atoms [11]. For
example, when 1p/4 is 0.8, the compression strain of a large
atom located at the center of small atoms is 25%, whereas
the tensile strain of a small atom located at the center of large
atoms is 20%.

Figure 4 shows that the larger atomic size difference and
the larger negative heat of mixing between the two compo-
nents are the main factors for a high GFA [1,45]. A greater
negative heat of mixing enforces the formation of an atomic
pair between different components, while the positive heat of
mixing promotes the formation of an atomic pair between the
same components. A large atomic size difference increases
the internal energy of the crystalline solid solution, as shown
in Fig. 1(b), destabilizing the crystalline phase [3,4]. As shown
in Fig. 2, alloys consisting of elements of the same atomic
size preferentially formed a crystalline local structure regard-
less of whether the chemical interaction between two compo-
nents is attractive or repulsive, despite the fact that attractive
interaction even promotes the formation of the crystalline
phase at a higher temperature. Destabilizing the competing
crystalline phase can be achieved only by preferential atomic
pair formation between two components having a large dif-
ference in their atomic sizes [3,4]. Therefore, both a larger
difference in the atomic size and a larger negative heat of
mixing are key factors for a high GFA.

The formation of clusters with an icosahedron local struc-
ture in the liquid state may enhance the GFA of the alloy [5].
The icosahedral cluster corresponds to the densest packing
configuration and is far different from the local atomic con-
figuration in the fcc or hep crystalline phase. Once icosahe-
dral clusters are formed densely in the liquid state [5], the
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nucleation and growth of the crystalline phase are expected
to be suppressed. Therefore, the preferential formation of the
icosahedral clusters can be considered as a GFA indicator
[5]. Figures 5(a) and (b) show the calculated fraction of the
icosahedron-centered atoms Fi., and the ratio of the atomic
distance between the smaller and neighboring atoms as ana-
lyzed by the Voronoi method. The alloys solidified into a
crystalline phase have a very small fraction of icosahedron-
centered atoms, while the alloys solidified into a glass struc-
ture showed Fi, values that generally exceed 3%. In general,
Fico increases as the interaction energy parameter €apaa and
the atomic size difference increase [6]. However, the highest
Fico was found in the system with (rg/a, €anaa) = (0.80, 1.10)
instead of the system with (tg/a, €apas) = (0.80, 1.20). This
result suggests that there is a preferential atomic size ratio
during the formation of an icosahedral cluster. The existence
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Fig. 5. (a) Fraction of the icosahedron-centered atom (Fic,) after the
quenching process. (b) Ratio of the atomic distance between a
smaller atom and neighboring atoms after the quenching process:

C C

Cip) C C C\C Cip\’
(-2 s 2= (128 (-2 i
Here C is the coordination number, C,z is the partial coordination
number of element B around element A and r; is the interatomic dis-
tance from the i atom to the j atom.

Ratio =

of the preferential atomic size difference for the formation of
an icosahedral cluster may be related to the geometry of the
icosahedron. The theoretical ratio between the edge and the
center vertex is 1/0.95 in the icosahedron structure. This
ideal configuration can be achieved by forming icosahedrons
with a centered-atom having an atomic radius 10% smaller
than that of the neighbor atoms. However, the neighboring
atoms are not always identical and an accurate prediction of
the optimum atomic size ratio for the formation of icosahe-
dral clusters is difficult. Nonetheless, the generation of the
icosahedral structure requires neighboring size-mismatched
elements with a ratio of 0.9 or less [4,6].

5. CONCLUSIONS

As far as we know, this study is the first to determine the
general behavior of metallic glasses as a function of adjust-
able potential parameters of the atomic size and potential
well-depth base on LI-EAM models. The conclusions are
given below.

(1) An effective heat of mixing makes the following two
contributions: the chemical contribution related to the bond
energy difference and the misfit strain energy contribution
related to the atomic size difference.

(2) A positive heat of mixing causes liquid phase separa-
tion, thus reducing the GFA by removing the effect of the
atomic size difference, while a negative heat of mixing con-
tributes to the preferred formation of a chemical bond between
unlike atoms.

(3) A large atomic size difference contributes to an increase
in the energy of the crystalline phase, resulting in the desta-
bilization of the crystalline phase and the formation of an
icosahedral local structure.

(4) A larger atomic size difference and the accompanying
negative heat of mixing sufficient to prevent phase separa-
tion are necessary to enhance the GFA.
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