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In this work, we employed molecular dynamics (MD) simulations to study Ti-Al metallic glasses
(MGs) using the embedded atom method (EAM) potential to model the atomic interaction with
different compositions. The results showed evidence of the metallic glass formation induced by
the split occurring in the second peak of the radial distribution function (RDF) curves implying
both Ti and Al atoms. The common neighbor analysis (CNA) method confirmed the presence of
the icosahedral clusters with a maximum amount observed for an alloy with 75 pct of Al.
Analysis of coordination numbers (CNs) indicated that the total CNs are nearly unchanged in
these systems. Finally, Voronoi tessellation analyses (VTA) showed a higher value of the
number of icosahedral units at Ti25Al75 composition. This specific composition represents a
nearby peritectic point localized at a low melting point in the Ti-Al binary phase diagram. The
glass forming ability (GFA) becomes important when the fraction of Al increases by forming
and connecting ‘‘icosahedral-like’’ clusters (12-coordinated h0, 0, 12, 0i and 13-coordinated
h0, 1, 10, 2i) and by playing a main role in the structure stability of the Ti-Al MGs.
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I. INTRODUCTION

SEVERAL research studies concentrated on investi-
gating the structural properties in metallic glasses
(MGs)[1–4] that require particularly high cooling rates.
MGs have received great consideration mainly due to
their outstanding mechanical strength, thermal, and
chemical attributes.[5] The retention of this amorphous
structure of MGs occurs when a liquid metal undergoes
a fast quenching. However, the formation of MGs is
favorable by respecting the rules of Inoue[6] for good
glass forming ability (GFA). He proposed that the
formation of MGs requires a significant difference in
atomic size ratios (above 12 pct), a multicomponent
material, and the presence of a eutectic point in the
phase diagram. For some systems, the cooling rate
required to form the metallic glass structure is very high
and sometimes is not easy to reach through experimen-
tal methods. These very high cooling rates are easily
reachable via molecular dynamics (MD) simulations.
Besides, this simulation technique does not only reveal
the structural sides of the metallic glass formation but

also sheds light on the forming ability of the studied
system.[7] Most prominently, MD simulations can give a
better understanding and control of quantities that are
difficult to determine in real experiments with a good
precision. There are many studies dealing with MD
simulations of the formation of MGs and their struc-
tural properties such as Al-Mg,[8] Cu-Zr,[9] and
Ti-Al.[10–12] Most of these works investigated the glassy
state of binary and ternary systems during the cooling
process using different techniques such as energy/vol-
ume change, radial distribution functions (RDFs),
coordination numbers (CNs), and common neighbor
analysis (CNA). Wang and Wong[8] studied a wide range
of compositions of Al-Mg amorphous structure using
MD simulations where the interatomic interactions were
described by the embedded atom method (EAM)
potential. The simulation showed that Mg atoms are
more likely to serve as neighbor atoms in Al-centered
icosahedral clusters for the middle concentrations or to
form larger polyhedra at the Al-rich side of the phase
diagram. The Voronoi tessellation analyses (VTA)
showed that Al-centered icosahedra are abundant for
most compositions of the Al-Mg alloy. The presence of
a high number of 155-type pairs proves that icosahedral
arrangement is dominant for all compositions of the
Al-Mg alloys with some differences in the topological
arrangement of the different clusters. The medium-range
order (MRO) was attributed to connected icosahedra
that share atoms to constitute a cluster network.
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Xie et al.[10] used MD simulations in order to examine
the evolutions of Frank–Kasper polyhedra during the
supercooling process of TiAl3 alloy. They observed the
occurrence of a spilt in the second peak in the RDF
curve, which they attributed to the formation of the
metallic glass. They also noticed that further relaxation
for 50 ns at the glass transition temperature Tg signif-
icantly enhanced the amount of these clusters and their
connectivity with other clusters. They also concluded
that the length of the relaxation time has an effect on
improving the growth of these clusters.

Other MD simulations[11] examined the characteristics
of icosahedral clusters in TiAl alloy with different
cooling rates. They found that the high cooling rate
plays an important role in the evolution of icosahedral
clusters and linked it to the glass transition temperature.
Furthermore, the authors suggested that the MROs of
icosahedral clusters have a good structural stability.
They concluded that the formation of icosahedral
clusters is a barrier to crystal nucleation in supercooled
liquid metals.

Wang and Wong[13] investigated the supercooled
liquid ZrxCu90�xAl10 by varying Zr composition extend-
ing from 20 to 70 pct. Radial distribution functions were
used to determine correlations between different atom
pairs and the corresponding interatomic distances at the
short-range order (SRO). The CNs study showed that
the total CN is nearly invariant in these systems under
the composition variation. It has been found that Cu
atoms have a tendency to form smaller clusters, while Zr
atoms tend to form larger clusters. Finally, CNA
revealed a good GFA by the addition of a low Al
concentration to Zr-Cu alloys.

Aluminum-based MGs are potentially classified
among the most interesting MGs, mainly due to their
outstanding mechanical strength and exceptional corro-
sion resistance in comparison to their crystalline coun-
terpart.[14–17] Unfortunately, the glass-forming ability
(GFA) of Al-based alloys is particularly low and the
critical size for glass formation reached so far is
modestly of the order of 1 mm.[18] The glass transition
was not possible without prominently high cooling rates
because of the low GFA in Al-based alloys. In addition
to a significant atomic size mismatch, the alloy compo-
sition may influence the GFA ‘‘a degree of the ease of
vitrification,’’ as suggested by Inoue.[6] Such studies
should shed light on the choice of the elements and the
proportions to form stable MGs. The Ti100�xAlx alloy is
carefully chosen in this work for its large atomic size
difference, RAl = 1.18 Å and RTi = 1.76 Å, making it a
potential candidate for forming MGs. Furthermore,
many compositions will be investigated to highlight the
entire evolution of clusters.

Within the last few years, TiAl alloys have received
much consideration due to their outstanding properties
characterized by high specific strength and exceptional
resistance at high temperatures. TiAl is considered as the
next innovating structural material mainly in the aero-
space and automotive industries.[19–22] The glass transi-
tion process is a very valuable technique to improve the
performance of material properties of Ti-Al alloy.[23]

Glassy alloys are commonly considered as the state of

frozen liquids; however, the difference in their structure
is obvious. As discussed in our previous studies,[24,25] a
split occurred in the second peak of the radial distribu-
tion function curve for TiAl3 MG. This splitting of the
second peak is a distinguished characteristic of metallic
glass formation. Thus, quenching the Ti-Al alloy from
the liquid to 300 K at different cooling rates (5 9 1012,
1013, and 1014 K/s) leads to a metallic glass. To our
knowledge, there has been no systematic and full
investigation of clusters and their configurations in the
Ti-Al system with different compositions. In this article,
MD simulations with EAM potential were employed to
investigate the composition effect on the GFA of Al-Ti
alloys. Different techniques, such as RDFs, CNs, CNA,
and VTA, were used. In Section II, we present the
computational technique used. In Section III, we display
and analyze our results. In Section IV, we present our
conclusions.

II. COMPUTATIONAL DETAILS

The MD simulations were performed on Ti100�xAlx
systems using the large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS)[26,27] and by
employing the EAM potential to model the atomic
interaction. The simulation cells consist of 5324 Ti/Al
atoms in a cubic box. Initially, different box sizes
(between 2000 and 12,000 atoms) were used and showed
that a size of around 4000 to 5000 atoms is a very
satisfying value to save the computation time with
keeping low enough statistical errors. In different alloy
compositions of the Ti100�xAlx systems, x spans the
following values: 0, 15, 25, 38, 50, 63, 75, 90, and 100.
The equations of motion are numerically integrated
using the Verlet algorithm with a time-step of 1
femtosecond (fs). The temperature and pressure are
controlled using a Nose–Hoover thermostat and baro-
stat.[28] All the systems were first heated at a rate of
5 9 1012 K/s, from 300 K to 2500 K using an NPT
ensemble to allow volume change. The end temperature
2500 K is chosen to be higher than the melting
temperatures of the alloy systems. In order to allow
atoms to diffuse and forget their initial positions, we
equilibrate the structure in the liquid phase using an
NVT ensemble at 2500 K for 100 ps. This procedure
ensures having a liquid state for all the considered
compositions. Then all systems were cooled from the
liquid state to reach 300 K, using an NPT ensemble with
a cooling rate 5 9 1012 K/s. Configurations and atom
coordinates were stored at each equilibration stage for
further studies with an interval of 100 K during the
rapid solidifications. For MD simulations, the use of
integrators with a correct convergence of the finite
difference scheme dictates using a time-step in the
femtosecond scale, typically 1 to 2 fs. Thus, a one
million iteration simulation corresponds to a physical
time of only 1 ns. Therefore, large systems including
several millions of atoms will be treated only at the
nanosecond timescale. In the context of MG formation,
the MD limitation induces the use of very high cooling
rates (typically of the order of 1011 to 1014 K/s) whose
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magnitude orders are larger than what is used experi-
mentally. However, some systems are hard to vitrify
experimentally and need to be cooled in an extra fast
way, implying rates of the order of those used in MD
simulation. It turns out that the timescale limitation of
MD simulations would be an advantage in this case,
allowing the vitrification of a large variety of systems
including monoatomic metals.

In this study, we adopted the EAM potential to
describe the interatomic interactions between the atoms
of the Al-Ti alloy. This interatomic potential consists of
a simple embedding energy function and a short-range
pairwise potential function and is given by[29,30]

Etot ¼
X

i

Fiðqh;iÞ þ
1

2

X

i6¼j

/i;jðRijÞ ½1�

where /i;j is the short-range pair potential and Rij is the
distance between atoms i and j. The host density qh;i is
approximated by the superposition of atomic densities
qa, i.e., qh;i ¼

P
i6¼j q

a
j ðRijÞ. Here, qa is the contribution

to density from atom j. Therefore, in essence, energy is a
simple function of the positions of atoms.

In this work, we use the EAM interatomic potential of
the Ti-Al system developed by Zope and Mishin, whose
parameters are determined in Reference 31.

Structure analysis of the simulated Ti-Al system was
performed using the radial distribution function g(r), the
CNA, the CN, and the VTA. The g(r) function is
expressed as

gðrÞ ¼ V

N2

Xn

i¼1

nðrÞ
4p r2Dr

� �
½2�

where N denotes the number of atoms in the simula-
tion cell, V is the volume of the cell, and n(r) is the
number of particles, which can be found in the shell
from r to r + Dr. For binary alloys, the partial radial
distribution functions for atoms a and b are computed
by

gabðrÞ ¼
V

NaNb

XNa

i¼1

nibðrÞ
4p r2Dr

� �
½3�

We also employed the CNA proposed by Clarke and
Jónsson.[32] According to this technique, each pair of
nearest-neighbor atoms is given by three indices jkl,
where the first index j is 1 when two atoms are bonded to
each other and is 2 if they are not. The second index k is
the number of common nearest neighbors shared by the
two atoms, and the third index l is the number of bonds
among the shared neighbors. The CNA method can
effectively detect various local atomic arrangements. For
example, a CNA index of 555 corresponds to a
pentagonal bipyramid, which is the building block of
an icosahedron,[33] while 421 and 422 are the character-
istics of fcc and hcp structures, respectively. For a liquid
state, a low CN value is commonly found, while for
MGs, with strong metallic bonding and dense packing, a
high CN is expected.[34,35] To determine the bonding
preferences of the different elements, the g(r) functions

were integrated to generate the various atomic CNs. In
both techniques, a cutoff value of the first shell was set
as the minimum after the first peak of the corresponding
g(r) function.
VTA involve the decomposition of the system into a

finite amount of polyhedra centered near the various
atomic sites, with volumes encompassed by each poly-
hedron consisting of the set of all points closer to that
given atomic center than any other. We also made use of
the Voronoi tessellation method to identify the number
ni of i-edged (i = 3, 4, 5, 6, …) faces in a Voronoi cell by
the indices <n3; n4; n5; n6>. An i-edged face reflects the
local symmetry of the solute atom with some near-
est-neighboring atoms in a certain direction, as dis-
cussed in detail in Reference 36. For example, the ideal
icosahedron is represented as h0, 0, 12, 0i. If one
155-type pair is broken, it will result in a distorted
icosahedron with a Voronoi index such as h0, 2, 8, 2i.
Note that the sum of the four indices determines the
GFA of each atom.

III. RESULTS AND DISCUSSION

All the studied samples were checked after the heating
stage and showed evidence for a liquid state by
analyzing the g(r) function that was found to possess
the features of a liquid g(r) curve. The obtained liquids
were then cooled to room temperature (300 K) at the
aforementioned cooling rate to form the metallic glass
structure, as described in Section II. The resulting
metallic glass was relaxed at 300 K with zero pressure in
the canonical (NPT) ensemble for 100 ps.

A. Radial Distribution Function

The radial distribution function analysis is one of the
most suitable methods to reveal the structure features of
complex material. We investigate a wide range of
compositions of the Ti-Al alloys. Partial and total g(r)
were employed to study the atomic arrangement.
Figure 1(a) shows the total g(r) function of the
Ti100�xAlx systems at 300 K obtained with a cooling
rate of 5 9 1012 K/s. The g(r) functions of all the
considered alloys exhibit a distinct first peak for which
the radial position shifts from 2.84 Å for pure Al glass to
2.87 Å for pure Ti glass. The assessed radius of Al atoms
is smaller than that of Ti atoms. Therefore, the
simulations give a slight growing radial distance value
when the concentration of atoms with the larger radius
increases. This behavior is in agreement with a previous
study performed on Al-Mg alloy.[8] For the Ti-rich zone
(x = 0, x = 15, and x = 25), the g(r) function shows
few peaks that are synonymous to some crystal-like
features as the timescale is very short, crystallization
could not be complete, but there is an obvious indication
of its occurrence at least partially (Table I). We also
observed that as the concentration of Al increases, the
first peak of the total g(r) function decreases in
amplitude. When the Al concentration reaches 38 pct,
the second peak of the g(r) function begins clearly to
split into two subpeaks that are more pronounced in the
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Al-rich zone. The result of the splitting of the second
peak is a notable characteristic of MGs and agrees quite
well with previous investigations of the solidification of
Ti-Al alloys[12] with a cooling rate of 1011 K/s, especially
when the Al concentration exceeds 50 pct. However,
RDF curves obtained by using a cooling rate of
5 9 1012 K/s display few peaks for the Ti-rich zone
(Figure 1(a)), which we attribute to incomplete
crystallization.

This splitting of the second peak is also perceived in
the partial g(r) function of Ti-Al alloys (Figures 1(b)
through (d)). This means that both Ti and Al atoms
participate in the metallic glass activity of our alloys, as
has been observed in some compositions in previous
simulation works performed on TiAl3

[24,25] and TiAl.[11]

Moreover, our results agree with those obtained by
experimental techniques (X-ray diffraction, extended
X-ray absorption fine structure, and neutron diffraction)
that have been applied for studying the microstructure
of MGs[37–39] and linked the splitting of the second peak
in partial radial distribution functions (PRDFs) to the
glass transition.

Furthermore, the CNA confirms the aforementioned
results by detecting the presence of icosahedral struc-
tural units. The maximum of the icosahedral cluster
amount (10 pct) is reached for an Al concentration of 75
pct and then drops when the Al concentration reaches
90 pct (Table I). The maximum number of icosahedral
units obtained during the rapid solidification process is
found to be at the TiAl3 composition, which is in
agreement with a previous study[12] where the growth
capability of icosahedral units with temperature was
found to be higher for the TiAl3 alloy than the other
compositions. This specific composition of 75 pct of Al
characterizes a nearby peritectic point in the Ti-Al
binary phase diagram, confirming the condition of
Inoue[6] suggesting that specific points in the phase
diagram promote GFA. Some works[40] reported a value
close to 60 pct of icosahedral units; this is not in
contradiction with our results since we count only the
centered atoms in the icosahedral unit,[24,25] while these
works consider all the atoms involved in the icosahedral
cluster.

We note also that the intensity of the first peak in the
Al-Al partial g(r) function increases with the increase of
Al concentration, while that corresponding to Ti-Ti
decreases. This is related to the abundant Al-Al bonds,
which are attributed to the high probability of finding Al
atoms localized within the radial distance from a
centered Al atom.

B. Coordination Numbers

To investigate the first neighborhood shell for the
atoms, we computed the CNs of the different atoms. We
used a cutoff distance corresponding to the first mini-
mum of the corresponding g(r) function since the
average coordination can be obtained by integrating
the first g(r) peak. For the Ti-Ti, Al-Al, and Ti-Al pairs,
the considered cutoff values were 3.87, 3.68, and 3.86 Å,
respectively, and did not change significantly with
varying composition. Table II illustrates the total and

partial CNs for Ti-Al alloys. We observe that the
average CNall remains nearly constant at around 13
despite the changes in composition. This coordination
differs from the coordination of the crystalline structure
CN = 12, which means that the structure was altered
and could be distorted or changed completely. The GFA
of Ti atoms CNTi and that of Al atoms CNAl generally
increase with increasing Al concentrations. However,
CNTi is larger than CNAl for all considered composi-
tions. This is consistent with the difference in atomic
radius (RTi = 1.76 Å, RAl = 1.18 Å). Larger atoms
possess more neighbor space, which can accommodate
more neighbor atoms. The partials CNAl-Al (the number
of Al atoms surrounding an Al atom) and CNTi-Al (the
number of Al atoms surrounding a Ti atom) increase
with the increase of Al concentration, while those
corresponding to CNTi-Ti and CNAl-Ti drop. This
behavior is consistent with a study done on Al-Mg[8]

and Zr-Cu-Al[13] MGs. This can be explained by the
abundance of the bounds that the Al atoms form when
their concentration increases.
For more details, we plot in Figure 2 the distribution

of major total CNs in the nearest neighbor of each atom
type in the Ti-Al MGs at 300 K as a function of Al
composition. In Figure 2, we illustrate the distribution
of total CNs, and we find that in Al-Ti MGs, the 12-,
13-, 14-, and 15-coordinated atoms are the most
abundant, with their fractions varying from 10 to
roughly 50 pct.
We observe from this figure that the behavior of these

CNs can be divided into two main parts. (1) For Al
compositions lower than 25 pct, the 12- and 13-coordi-
nated atoms are the predominant ones forming almost
80 pct of the metallic glass clusters. The 14-coordinated
atoms constitute almost 12 pct of the system, while all
the other CNs are not significant. (2) For Al composi-
tions larger than 25 pct, we observe that the number of
15-coordinated atoms becomes important and reaches
10 pct, while the amounts of 12- and 13-coordinated
atoms decrease to reach 30 pct.
We note that the icosahedral clusters are suggested to

be the building blocks of a large variety of MGs at the
SRO, while their connecting network should provide the
MRO structural feature. In their ideal form, the
icosahedra are 12-coordinated clusters, but they can
show a defect form with a 13-coordinated cluster. In this
context, we think that the increase of 12- and 13-coor-
dinated clusters should be linked to the formation of
icosahedral structural units, which is believed to pro-
mote the glass formation. Wang and Wong[13] studied
the formation of Zr-Cu-Al metallic glass and found that
the high fraction of atoms with CN = 12 in the Cu-rich
zone facilitates the development of icosahedral structure
in Zr-Cu-Al systems. Furthermore, we suggest that the
increase of the higher coordinated atoms CN = 14 and
15 should lead to more dense clusters increasing the
atomic packing factor of the material, which should
increase the forming ability of the metallic glass.
For a more detailed study, we computed the atomic

CNs for each central atom (Al and Ti) and plotted the
results in Figure 3. We see from this figure that when
increasing the Al composition, the CNs around Al
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atoms become mainly 12 and 13. However, due to their
larger atomic radius, Ti-centered atoms exhibit highly
coordinated clusters, with 13-, 14-, and 15-coordinated
atoms being the most abundant. This result confirms
that in the glassy state, the clusters are highly coordi-
nated around the atom with the big atomic radius.
Similar behavior was observed in the specific composi-
tions Mg61Cu28Gd11, Cu64Zr36, and Pd82Si16 MGs.[35,41]

C. Voronoi Tessellation Analyses

VTA provide a good technique for exploring local
structure at short-range distances. This method was
used here to investigate the distribution of major and
common types of clusters that can be found in each
composition of Ti-Al MGs. In MGs, the most promi-
nent VPs are classified into three main groups.[42] The

Fig. 1—(a) Total g(r) function for Ti100�xAlx systems and partial g(r) functions for (b) Ti-Al, (c) Al-Al, and (d) Ti-Ti of the Ti-Al MGs at 300 K
obtained using a cooling rate of 5Æ1012 K/s. Individual curves correspond to different alloy compositions, as given in the figure. All curves were
shifted vertically for clarity.

Table I. Evolution of Icosahedral Structure in Ti-Al Alloys at 300 K with the Cooling Rate of 5Æ1012 K/s

Systems Ti85Al15 Ti75Al25 Ti62Al38 Ti50Al50 Ti37Al63 Ti25Al75 Ti10Al90

Others (Pct) 64.50 ± 1.09 93.90 ± 1.31 96.60 ± 1.25 94.40 ± 1.32 92.00 ± 1.28 90.00 ± 1.26 91.10 ± 1.27
ICO (Pct) 0.10 ± 0.04 0.40 ± 0.08 3.40 ± 0.25 5.60 ± 0.32 8.00 ± 0.38 10.00 ± 0.43 8.90 ± 0.40
Fcc (Pct) 21.10 ± 0.61 2.50 ± 0.02 0 0 0 0 0
Hcp (Pct) 13.70 ± 0.50 1.10 ± 0.14 0 0 0 0 0
Bcc (Pct) 0.60 ± 0.10 2.10 ± 0.19 — — — — —
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first group of VPs indexed by h0, 0, 12, xi, h0, 1, 10, xi,
and h0, 2, 8, xi (where x is usually between 0 and 4) with
approximate fivefold rotational symmetry are called
‘‘icosahedral-like.’’ Then the VPs indexed by h0, 3, 6, xi,
representing the ‘‘mixed’’ group, and the last VP group
h0, 4, 4, xi, h0, 5, 2, xi, and h0, 6, 0, xi with rectangular
or hexagonal faces along fourfold and sixfold rotational
symmetry are called ‘‘crystal-like.’’

Among the various polyhedra of Ti-Al systems, the
Al-centered full icosahedra (FI) with Voronoi index h0,
0, 12, 0i constitute the most populous structural unit
connected by different sharing modes (Figure 4). How-
ever, it is believed that the icosahedral-like structural
order plays a major role in the vitrification of several
MGs since it shows a good packing efficiency. In this
article, we computed the different Voronoi clusters and
divided them into three classes: the icosahedral-like,
including the ideal ones with the Voronoi indices h0, 0,
12, 0i, and the deformed units, including Voronoi
indices of h0, 2, 8, 2i, h0, 2, 8, 3i, h0, 2, 8, 4i, h0, 1, 10, 2i,
h0, 1, 10, 3i, h0, 1, 10, 4i, h0, 0, 12, 3i, and h0, 0, 12, 4i;
the mixed polyhedral, including h0, 3, 6, 3i and h0, 3, 6,
4i; and the crystal-like clusters, h0, 4, 4, 4i. We only
counted for the most abundant polyhedral, and those
with fractions less than 1 pct were neglected. Therefore,
the vitrification process can be regarded as the compe-
tition between icosahedral-like clusters, mixed clusters,
and crystal-like clusters.

The most prominent cluster is the FI, which was
found to be connected by sharing atoms in different
modes. This connectivity allows determination of the
MRO that describes the next level of structural net-
working by classifying how the SRO units are clustered
in the metallic glass. The modes of connecting clusters in
MGs were described in several previous works.[43,44] If
two icosahedra are connected by sharing only one
neighboring atom, they are recognized as vertex-sharing
icosahedra (VS, Figure 5(d)). If they share two con-
nected atoms, they are named edge-sharing icosahedra
(ES, Figure 5(c)). If they share more than two connected
atoms, they are defined as face-sharing icosahedra (FS,
Figure 5(b)). If two icosahedra share five common
neighbor atoms and the two center atoms are first
neighbors to each other, they are identified as intercross
sharing icosahedra (IS, Figure 5(a)). However, clusters
without any sharing mode are considered as isolated
polyhedra. We note that average computed distances
between central atoms of the two full icosahedral
clusters in Ti-Al MGs did not show any significant
change with the alloy compositions. This distance
between central atoms is found to be dIS = 2.86 ±
0.15 Å for intercross sharing, dFS = 4.78 ± 0.15 Å for
face sharing, dES = 5.32 ± 0.10 Å for edge sharing, and
dVS = 5.66 ± 0.10 Å for vertex sharing.
In Figure 4, we plotted the PRDF curves of icosahe-

dral atoms gico-ico(r) where only central atoms of
icosahedral units are considered. We deduce from
Figure 4 that the first peak of the PRDF curve is
related to the spatially connected intercross-sharing
mode (R1 � dIS), indicating that an important amount
of the clusters are linked via IS, which occurred most
frequently. This corroborates the results of Zemp
et al.[45] who found that the FI are predominantly
connected by cap-sharing bonds and concluded that the
large interconnectivity can only be achieved by a
heterogeneous spatial distribution of FI. Moreover,
the second peak located at (R2 � dFS) represents the
face-sharing mode and the third peak (R3 � dVS) is
linked to the vertex-sharing mode, whereas the
edge-sharing (dES) mode is located between the second
and third peaks R2 to R3 and should be hidden due to
the overlapping between the two peaks. These results are
in agreement with previous molecular dynamic simula-
tions performed on Mg70Zn30 and Ni3Al MGs.[43,46]

The results of the VTA are plotted in Figure 6, which
shows that the fraction of the icosahedral-like polyhedra
increases while the fractions of the mixed-like and the
crystal-like polyhedra decrease when the Al composition

Table II. Partial and Total CNs in Al-Ti MGs

Alloys CNAl-Al CNAl-Ti CNTi-Ti CNTi-Al CNAl CNTi CNall

Ti85Al15 1.11 11.47 10.76 1.90 12.58 12.66 12.65
Ti75Al25 2.07 10.78 9.53 3.52 12.85 13.05 13.00
Ti62Al38 3.48 9.19 7.68 5.74 12.67 13.42 13.14
Ti50Al50 4.96 7.67 6.12 7.58 12.63 13.70 13.17
Ti37Al63 6.84 5.81 4.11 9.94 12.65 14.05 13.17
Ti25Al75 8.50 4.29 2.40 12.02 12.79 14.42 13.20
Ti10Al90 10.94 2.05 0.45 14.37 12.99 14.82 13.17

Fig. 2—Distribution of major CNs in the Ti-Al MGs at 300 K as a
function of Al composition.
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increases up to 75 pct. However, when Al concentration
exceeds 75 pct, the fraction of icosahedral-like clusters
decreases because of the significant drop of the fraction
of the ideal icosahedral cluster. This specific composi-
tion at 75 pct of Al content revealed the maximum
amount of icosahedral-like structural polyhedral, as was
also confirmed by the CNA in Section I. As these
icosahedral-like clusters have a good packing factor and
should contribute to the densification of the system,
leading to frozen regions hindering any transformation
to crystals, we suggest that in the Al-Ti system, there
should be a maximum of GFA around 75 pct. Indeed,
we have shown that around this value, the CNA
provided the maximum fraction of the icosahedral units
(Table I), the VTA led to the most important fraction of
icosahedral-like clusters (Figure 6), and the coordina-
tion analysis gave a good densification of the material
through an important fraction of highly coordinated

atoms (Figure 2). In general, we agree with the results
found in TiAl MG by Xie et al.,[11] where the variation
of the relative amounts of the main bond types during
the rapid solidification indicated an important amount
of ideal icosahedral units followed by defect icosahedral
ones. We should mention here that the GFA does not
represent a measured parameter but is linked to a
qualitative expectation from the behavior of several
structural observations.
Figure 7(a) shows more details concerning the evolu-

tion of the different polyhedra involved in the Al-Ti
MGs. The population of the ideal icosahedron h0, 0, 12,
0i cluster and the icosahedral-like clusters increases
considerably in the Al-rich zone when the fraction of Al
reaches 70 pct. The GFA becomes important when the
fraction of Al atoms increases by forming and connect-
ing the icosahedral-like clusters (12-coordinated h0, 0,
12, 0i and 13-coordinated h0, 1, 10, 2i), so these two
polyhedra play a major role in the structure stability of
the Ti-Al MGs. However, when the Al composition
reaches 100 pct, forming a monoatomic system, the ideal
icosahedron units decrease and the GFA becomes
weaker, which confirms the requirement of a multicom-
ponent system for a good GFA.[6,7] On the other hand,
at the Ti-rich zone, Figure 7(b) shows that the h0, 3, 6,
3i, h0, 4, 4, 4i, and h0, 3, 6, 4i clusters (CN = 12 and
CN = 13) became the most dominant polyhedra at the
expense of the ideal icosahedron. This explains why the
GFA becomes weaker for high Ti concentrations. This
result is in agreement with those obtained in the binary
Cu-Zr MGs,[9] where it was suggested that the most
dominant polyhedra for high Cu concentration are the
h0, 0, 12, 0i and h0, 1, 10, 2i polyhedra. We suggest that
these two polyhedra are essential clusters for an easy
formation of Ti-Al MGs. We also suggest that the
appearance of the non-icosahedral-like clusters at the
expense of the icosahedral-like ones may occur via some
well-defined mechanisms where the free volume migra-
tion plays an important role. This was also observed

Fig. 3—Distribution of major CNs in the Ti-Al MGs at 300 K: (a) around Al atom centers and (b) around Ti atom centers.

Fig. 4—Partial RDF curves of icosahedral atoms gico-ico(r) between
central atoms of icosahedral units in Ti100�xAlx MGs, as shown in
the figure.
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experimentally using the Angstrom-beam electron
diffraction technique,[47] where the authors confirmed
the coexistence of both full and distorted icosahedra
(DI) in MGs.

Further details can be reached by examining the
polyhedra centered on each atom type. Figure 8(a) shows
that when the Al concentration increases and exceeds 25
pct, more icosahedral structures centered onAl atoms are
formed where the most dominant Al-centered polyhedra
are h0, 0, 12, 0iCN=12 and h0, 1, 10, 2iCN=13. However,
Figure 8(b) shows that the most dominant Ti-centered
polyhedra are h0, 3, 6, 4iCN=13 at the Ti-rich zone and
h0, 2, 8, 4iCN=14 with h0, 0, 12, 3iCN=15 at the Al-rich
zone. Nevertheless, the maximum fraction of the most
abundant of these polyhedra did not exceed 2.7 pct, and
this is a weak fraction compared to those centered on Al
atoms.We should note that the fraction of h0, 0, 12, 0iVP
is almost 12 pct in TiAl3 alloy, while for pure Al, it is
almost 8 pct, which is yet higher than other studied
compositions located mainly at the Ti-rich zone. How-
ever, the GFA of pure Al glass is known to be very low,
which is in discrepancy with our suggestion that icosa-
hedral order correlates with high GFA. This discrepancy
may be due to very high cooling rates used in general in

MD simulations, which can promote vitrification of
monoatomic systems.[24,44]

Therefore, we conclude from the cluster atomic
configuration examined by the CN technique and the
VTA that Ti atoms like to contribute to the formation of
Al-centered icosahedral clusters or to bring together
atoms (Al or Ti) to form larger centered Ti polyhedra
indexed as h0, 2, 8, 4iCN=14 or h0, 0, 12, 3iCN=15.
Indeed, larger atoms tend to have more topological
coordination,[13,41] which should occur for Ti atoms due
to their larger radius (RTi ¼ 1:76Å, RAl ¼ 1:18Å), lead-
ing to an expansion of the cluster volume.[41] Moreover,
topologically atomic configurations of nearest neighbors
in the first shell (Figure 3) revealed that the clusters are
highly coordinated around the larger atom. In light of
our results and those obtained using MD simulations of
Cu64Zr36 MGs,[45] we suggest that the FI h0, 0, 12, 0i is
the most dominant cluster followed by other DI.

IV. CONCLUSIONS

We have studied a large range of compositions of
Ti-Al amorphous alloys by employing MD simulations
with EAM many-body potential. Total RDFs and
PRDFs for the Ti-Ti, Al-Al, and Ti-Al atom pairs have
been computed for different compositions and illus-
trated the formation of the icosahedral structure by the
splitting of the second peak, a notable characteristic of a
metallic glass. Then the presence of icosahedral units
was confirmed by CNA, which shows a more pro-
nounced fraction of icosahedral at the Ti25Al75 compo-
sition. According to the CNs analysis, Al atoms are
mainly 12 and 13 coordinated and Ti atoms exhibit
highly coordinated atoms with 13, 14, and 15 coordina-
tion, due to their larger atomic radius. Ti atoms are
expected to connect to each other as neighboring atoms
in Al-centered icosahedral clusters or to assemble larger
polyhedra at high Al concentrations. Our results show
that the highest number of icosahedra is obtained at 75
pct of Al concentration. This specific composition
represents a peritectic point localized at a low melting
point in the binary phase diagram of the Ti-Al system
and can be added to the conditions of GFA[6] for
forming good MGs, though we propose this prediction
should be verified by future experiments.

Fig. 5—Illustrations of isolated (a) interpenetrating and (b) face-, (c) edge-, and (d) vertex-sharing modes of Voronoi polyhedra in the Ti-Al
MGs. d is the average distance between central atoms of two connected polyhedra. The brown and gray represent Al and Ti atoms, respectively.
The orange balls are the sharing atoms of two polyhedra.

Fig. 6—Variation of the major Voronoi polyhedra, icosahedral-,
mixed-, and crystal-like polyhedra with Al concentration of Ti-Al
systems at T = 300 K.
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We conclude that the GFA becomes important when
the fraction of Al atoms increases by forming and
connecting icosahedral-like clusters (12-coordinated h0,
0, 12, 0i and 13-coordinated h0, 1, 10, 2i), so they are
essential clusters for an easy formation of Ti-Al MGs.
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