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Prediction of the glass forming ability (GFA) of alloys remains a major challenge. We are not
able to predict the composition dependence of the GFA of even binary alloys. To investigate the
effect of each element’s propensity to form particular crystal structures on glass formation, we focus
on binary alloys composed of elements with the same size, but different atomic symmetries using
the patchy-particle model. We find that the critical cooling rate Rc for binary mixtures possesses a
minimum versus composition. For mixtures with atomic symmetries that promote different crystal
structures, the minimum Rc is only a factor of 5 lower than that for pure substances. For mixtures
with different atomic symmetries that promote local crystalline and icosahedral order, the minimum
Rc is more than 3 orders of magnitude lower than that for pure substances. Results for Rc for the
patchy-particle model are in agreement with those from embedded atom method simulations and
sputtering experiments of NiCu and TiAl alloys.

Bulk metallic glasses (BMGs), which are multi-
component alloys with disordered atomic-scale struc-
ture, are a promising materials class because they com-
bine metal-like strength with plastic-like processabil-
ity [1, 2]. Despite their tremendous potential, they have
not been widely used, most likely because current BMGs
do not combine multiple advantageous properties, such
as high strength, high fracture toughness, and low mate-
rial cost [3–6].

A key first step in the BMG design process is the abil-
ity to predict the glass-forming ability (GFA), or the crit-
ical cooling rate Rc below which crystallization occurs.
To date, BMGs with good GFA, e.g. Pd42.5Cu30Ni7.5P20

with Rc ∼ 10−2 K/s, have been identified mainly through
time-consuming experiments that are guided by empiri-
cal rules [7, 8]. The number of multi-component alloys
that can potentially form metallic glasses is enormous,
i.e. more than 106 if we consider four-component alloys
with 32 possible elements and 1% increments in compo-
sition of each of the four elements [6]. However, even
using the latest high-throughput sputtering techniques,
researchers can only characterize a minute fraction of the
potential BMG-forming alloys [9–12].

We seek to develop a computational platform to pre-
dict the GFA of alloys. One approach could involve using
ab initio molecular dynamics (MD) or embedded atom
method (EAM) simulations to directly measure Rc for
each alloy [13]. However, such simulations are computa-
tionally demanding, e.g. EAM simulations can typically
only achieve cooling rates ≥ 109 K/s with current com-
putational capabilities. Even more, it is not presently
known what level of description is required to achieve a
desired accuracy in the prediction of Rc. For example,
do we need to track the electronic degrees of freedom

of alloys or can we use effective pairwise or three-body
interactions to obtain accurate predictions of the GFA?
Further, EAM potentials have only been developed for a
small fraction of the possible alloys. Another promising
approach is to use effective pairwise atomic interactions
since they will improve our understanding of the physical
features that control the GFA of alloys.

In this work, we focus on binary systems (with ele-
ments A and B) and determine whether the best GFA
for the alloy occurs for equal proportions of A and B,
or whether the best GFA occurs for the A- or B-rich
systems. The answer to even this simple question is un-
known for most binary alloys. There are numerous pos-
sible features of the elements that can influence the GFA
of binary alloys, e.g. the atomic sizes, cohesive energies,
and symmetries and melting temperatures of the crystal
structures for the pure substances [14–17]. Several prior
studies have focused on the role of atomic size and cohe-
sive energy in determining the GFA of alloys [14, 15, 18].
Other studies have suggested that in some alloys the com-
position with the best GFA composition can be predicted
from the equilibrium liquidus curve [17, 19]. However,
many alloys do not possess eutectic points, and there
are numerous examples where the best GFA composition
deviates from the deepest eutectic point [4, 20, 21]. In
contrast, relatively few studies have considered the effect
of each element’s propensity to form particular crystal
structures on the GFA of alloys.

To simplify the problem, we consider binary alloys for
which the atomic radii are the same, and investigate how
the GFA of binary alloys depends on the competing crys-
talline phases of the pure substances. To motivate this
work, we first investigated the GFA of two specific bi-
nary alloys, NiCu and TiAl, using MD simulations of
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FIG. 1. (a) The critical cooling rate Rc/R
0
c for NiCu (nor-

malized by R0
c for pure Ni) versus the fraction fCu of Cu

atoms, and for TiAl (normalized by R0
c for pure Ti) versus

the fraction fAl of Al atoms, obtained using EAM MD simula-
tions. The binary alloys with fAl & 0.5 (cyan shaded region)
form dodecagonal quasicrystals for R < Rc. (b) Schematic
diagram of solidification for NiCu and TiAl based on room
temperature co-sputtering experiments, which correspond to
R ∼ 109 K/s. We find that NiCu alloys crystallize over the
full range of compositions fCu, while TiAl alloys form glasses
over a wide range 0.07 < fAl < 0.82.

EAM potentials to determine Rc versus the alloy compo-
sition [22, 23]. When the pure substances crystallize, Ni
and Cu form face-centered cubic (FCC) crystals, whereas
Ti forms hexagonal close packed (HCP) and Al forms
FCC crystals in equilibrium. (Details of the EAM simula-
tions, e.g. atom sizes and cohesive energies, are provided
in the Supplemental Materials (SM) [24].) We show in
Fig. 1 (a) that Rc for NiCu varies by less than a factor of
5 over the full range of composition. In contrast, Rc for
TiAl decreases by more than three orders of magnitude as
the fraction of Al is increased. We find similar results for
the GFA of NiCu and TiAl alloys in room temperature
co-sputtering experiments, which correspond to R ∼ 109

K/s (Fig. 1 (b)). (See SM for experimental details.) We
observe only crystallized samples for NiCu over the full
range of compositions, whereas there is a wide range of
compositions where amorphous samples occur for TiAl.
Although we have not determined the compositions with
the best GFA in these two alloys, Fig. 1 (b) demonstrates
the large difference in their GFA. What causes this dif-
ference in GFA for these two binary alloys?

Although pure Al crystallizes into FCC structures in
equilibrium, several experimental studies have shown

that Al-based BMGs have significant local icosahedral
order centered on the Al atoms and can form metastable
quasicrystals [25]. Quasicrystals have also been found in
binary alloys with a large majority of Al atoms [26, 27].
In addition, EAM MD simulations have shown that pure
Al can form quasicrystals by rapid quenching [28]. The
above results for TiAl alloys suggest that mixtures of
elements with crystalline and icosahedral (ICO) atomic
symmetries, and similar atomic sizes, can yield alloys
with critical cooling rates that are more than several or-
ders of magnitude lower than that for the pure systems.

A severe limitation of EAM potentials is that the
atomic symmetry of the elements cannot be tuned inde-
pendently, while keeping other important features, such
as the atomic size and cohesive energy, fixed. To over-
come this limitation, we carry out MD simulations of
the patchy-particle model [29] for binary alloys, where
small patches on the surfaces of the same types of spher-
ical atoms attract each other when they are aligned (and
atoms of different types interact via an isotropic Lennard-
Jones potential). (See SM.) Using this model, we study
the GFA of binary mixtures of the same sized atoms with
different atomic symmetries (e.g. BCC, FCC, and HCP).
Systems that contain atoms with a given symmetry will
crystallize with that particular symmetry at low cooling
rates. In addition, we study mixtures of atoms with crys-
talline (BCC, FCC, and HCP) and ICO symmetries by
controlling the number and placement of the patches on
the atom surfaces.

We find that the GFA of binary alloys (i.e. Rc(fB) ver-
sus composition fB) modeled using the patchy-particle
interaction potential always possesses a minimum within
0 < fB < 1, whose location depends on the atomic sym-
metry and cohesive energies of elements A and B. In con-
trast, the melting temperature Tm of the crystalline solids
varies approximately linearly with composition. We find
that the composition with the best GFA corresponds to
that for which the local icosohedral order in the liquid
state is maximized. However, if the icosohedral ordering
is too strong, metastable quasicrystalline regions form,
which decreases the GFA. Moreover, we find that Rc for
mixtures of atoms with different atomic symmetries and
cohesive energies can be collapsed by the amount of local
icosohedral order in the system.

In Fig. 2, we show results for Rc for binary alloys
using the patchy particle model. To measure Rc, we
cool the alloys linearly from the high-temperature liq-
uid state to zero temperature at rate R and define Rc as
the rate below which the zero-temperature system devel-
ops strong bond orientational order. (See SM.) In (a),
we consider three binary alloys with FCC-BCC, FCC-
HCP, and HCP-BCC symmetries for elements A-B and
the same cohesive energies εAA = εBB . Pure substances
with HCP symmetry have the lowest Rc, while Rc is sim-
ilar for pure substances with FCC and BCC symmetries.
In general, we find that Rc is minimal for non-pure sub-
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FIG. 2. Rc for binary alloys (normalized by R0
c for the pure

system with FCC symmetry) using the patchy-particle model.
(a) Rc/R

0
c for binary mixtures with A- and B-atoms [(A:

FCC, B: BCC; circles), (A: FCC, B: HCP; squares), and (A:
HCP, B: BCC; triangles)] versus the fraction of B atoms fB
with εBCC/εFCC = εHCP/εFCC = 1.0. (b) Rc/R

0
c for binary

mixtures, where the pure substances (with FCC, BCC, or
HCP symmetries) have the same Rc. We set εBCC/εFCC = 1.0
and εHCP/εFCC = 2.0. (c) Rc/R

0
c for binary mixtures with

FCC and HCP symmetries, and εHCP/εFCC = 1.0, 2.0, and
3.0. (d) Rc/R

0
c for binary mixtures of atoms with crystal (ei-

ther FCC, BCC, or HCP) and icosahedral symmetries and
the same cohesive energies.

stances, 0 < fB < 1. For FCC-BCC binary alloys, the
composition with the best GFA has fB ≈ 0.5. In con-
trast, for binary alloys containing atoms with HCP sym-
metry, the system with minimum Rc has a majority of
HCP atoms. These results indicate that atomic symme-
try influences the GFA of binary alloys.

In Fig. 2 (b), we plot Rc for binary alloys contain-
ing atoms that have FCC, BCC, and HCP symmetries,
but the pure substances have the same GFA (by varying
εBB/εAA). As in Fig. 2 (a), Rc possesses a minimum
at a composition with 0 < fB < 1. For binary alloys
containing atoms with BCC symmetry, the system with
the lowest Rc has a majority of BCC atoms. For bi-
nary alloys with atoms with FCC and HCP symmetries,
fB ≈ 0.5 has the best GFA since FCC and HCP crystal
structures are similar.

In Fig. 2 (c), we show Rc for binary alloys contain-
ing atoms with FCC and HCP symmetries as a function
of the HCP-fraction fHCP, for three cases where HCP
crystals have different GFAs (by adjusting εHCP/εFCC).
We find that as Rc at fHCP = 1 decreases, fHCP with
the best GFA increases. These results emphasize that
the location of the minimum in Rc for binary alloys is
strongly influenced by the GFA of the pure substances,

which depends on their atomic symmetry and cohesive
energy.

The results in Fig. 2 (a)-(c) emphasize that for binary
alloys containing same-sized atoms with different crys-
talline symmetries, the minimum Rc changes by only
a factor of 5 relative to that for the pure substances.
In the case of binary alloys with elements of the same
atomic sizes and symmetries, we showed previously that
the minimum Rc scales with the ratio of the cohesive
energies [15, 29]. Thus, results for the patchy-particle
model are in agreement with those for the EAM simu-
lations of NiCu (with εNi/εCu ≈ 1.3) in Fig. 1 (a), as
well as recent experimental studies of supercooled liquid
mixtures of Ar and Kr (with εKr/εAr ≈ 1.45) [30].

Motivated by the results for the EAM simulations of
TiAl in Fig. 1 (a), we show Rc for binary alloys con-
taining atoms with ICO and different crystalline sym-
metries in Fig. 2 (d). The results for the three binary
mixtures (FCC-ICO, HCP-ICO, and BCC-ICO) are sim-
ilar. Rc decreases modestly (by less than an order of
magnitude) for fICO . 0.5, and then decreases dramat-
ically (by more than two orders of magnitude) over the
range 0.5 . fICO . 0.8. When fICO & 0.8, the sys-
tem develops quasicrystalline order [31], which causes Rc

to increase as fICO → 1. (See SM for methods used to
detect quasicrystalline order.) Note that Rc for elements
with ICO symmetry is much lower than that for elements
with crystalline symmetry. We find that Rc(fICO) pos-
sesses a minimum near fICO ∼ 0.8, however, the shape of
Rc near the minimum is very different from that for bi-
nary mixtures of atoms with crystalline symmetry. The
non-monotonic behavior of Rc on fICO can be rational-
ized by considering the interfacial free energy barrier for
crystal nucleation [31–34]. In the crystal-forming regime
with fICO . 0.8, local icosahedral order is incompati-
ble with crystalline symmetry, and thus increasing fICO

enhances the free energy barrier for crystal nucleation,
leading to decreases in Rc. However, when the system
forms quasicrystals for fICO & 0.8, ICO symmetry be-
comes compatible with quasicrystalline order, reducing
the interfacial free energy barrier and increasing Rc.

Several prior studies have suggested that the melting
temperature Tm of alloys can be used to predict Rc [19].
To test this hypothesis, we measured Tm for all binary
mixtures in Fig. 2 [35]. In Fig. 3 (a), we show Tm for
binary alloys containing atoms with different crystalline
symmetries, where the pure substances have the same
GFA. From experimental data in Fig. 3 (c), Tm for pure
substances scales roughly linearly with the cohesive en-
ergy, although the atomic symmetry gives rise to devi-
ations [36, 37]. Thus, Tm for binary alloys containing
atoms with different crystalline symmetries is roughly lin-
ear in fB , and the sign of the slope is determined by the
sign of εBB − εAA. We contrast this behavior for Tm(fB)
with that for Rc(fB), which possesses a minimum in the
range 0 < fB < 1. In Fig. 3 (b), we show Tm for binary
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FIG. 3. (a) Melting temperature Tm for binary alloys (in units
of εAA/kB) using the patchy-particle model for mixtures of
A- and B- atoms [(A: BCC, B: HCP; triangles), (A: FCC, B:
HCP; squares), and (A: FCC, B: BCC; circles)]. The pure
substances have the same Rc. (See Fig. 2 (b).) (b) Tm for
binary mixtures of atoms with crystalline (either FCC, BCC,
or HCP) and ICO symmetries. Tm in (a) and (b) are obtained
by heating the quenched crystalline solids to high tempera-
ture at rates Rh ∼ R0

c . (c) Tm versus the cohesive energy per
particle ε for 53 pure metals with BCC, FCC, and HCP sym-
metries in their equilibrium solid forms. The blue dashed line
gives Tm = 0.03ε/kB , where kB is the Boltzmann constant.
(d) Rc normalized by R0

c for pure substances with FCC sym-
metry versus the fraction of atoms fi with local icosahedral
order in binary alloys using the patchy-particle model with
A- and B- atoms. fi is measured at zero temperature using
the lowest R at which all systems remain disordered. In the
pink region with fi . 0.075, systems form FCC, BCC, and
HCP structures for R < Rc. In the cyan region, systems
form dodecagonal quasicrystals for R < Rc. The blue dashed
line indicates exponential decay, Rc/R

0
c ∼ exp[−Afi], where

A ∼ 23.5.

alloys containing atoms with ICO and crystalline symme-
tries. In this case, Tm is nearly constant for fICO & 0.5,
whereas Rc decreases by more than 2 orders of magni-
tude. Thus, we do not find a strong correlation between
Tm and GFA in our model binary alloys.

A number of studies have characterized the local struc-
tural order, such as the size and shape of Voronoi polyhe-
dra, local bond orientational order, and changes of near-
est neighbor atoms, in glass-forming materials as they are
cooled [13]. In particular, researchers have found that the
number of atoms with local icosahedral order increases
as good glass-formers are cooled toward the glass transi-
tion [38]. Thus, one suggestion for improving the GFA is
to maximize the local icosahedral order. In Fig. 3(d), we
show that Rc for all of the patchy-particle systems stud-
ied collapses when plotted against the fraction fi of atoms
in the system that have local icosahedral order, where the

icosohedral order is characterized using rapid quenches
for which all of the systems remain disordered. (See SM
for the definition of local icosohedral order.) Rc(fi) has
several key features. First, for fi . 0.06, where most of
the data for the binary mixtures containing atoms with
crystalline symmetries exists, Rc decays exponentially
with increasing fi. In the regime 0.06 . fi . 0.075,
Rc decreases more rapidly. For fi & 0.075, since the
system can form quasi-crystalline order, Rc begins to
increase. Thus, we predict non-monotonic behavior in
Rc(fi). (Note that the minimum in Rc(fi) will depend
on the atomic size difference.) These results suggest that
Rc for binary alloys can be predicted by measuring the
local icosahedral order of fast quenched glasses.

To what extent are the results for the patchy-particle
model consistent with those for the EAM simulations of
NiCu and TiAl? First, in Fig. 4 (a) and (c), we show Tm
versus fCu for NiCu and versus fAl for TiAl alloys, which
are consistent with the experimental melting curves [39].
For NiCu, Tm decreases roughly linearly from ∼ 1700 K
to ∼ 1400 K over the range 0 < fCu < 1. In con-
trast, Rc(fCu) for NiCu possesses a shallow minimum
near fCu ∼ 0.25. For TiAl, Tm has a small maximum at
∼ 1800 K for fAl ∼ 0.3, and then Tm decreases mono-
tonically for fAl & 0.3. In contrast, Rc(fAl) decreases
over the range 0 < fAl < 0.5 and has a minimum for
fAl ∼ 0.9-0.95 (although the precise location of the min-
imum is affected by the formation of quasicrystalline or-
der). These results further emphasize the decoupling of
Tm and Rc. Importantly, as shown in Fig. 4 (b) for NiCu
and (d) for TiAl, the composition region with the best

(a) (c)

(b) (d)

FIG. 4. (a) Tm versus fCu for EAM simulations of NiCu
obtained by heating at rate Rh = 1011 K/s. (b) Fraction
of atoms with a given local order: HCP, FCC, BCC, ICO,
or other disordered motifs versus fCu for zero-temperature
systems at R > Rc. (c) Tm versus fAl for EAM simulations
of TiAl obtained by heating at Rh = 1010 K/s. (d) Fraction
of atoms with a given local order: HCP, FCC, BCC, ICO, and
other disordered motifs versus fAl at R > Rc. For fAl > 0.5
(vertical dashed line), quasicrystals form for R < Rc. The
local order in (b) and (d) is measured at R = 1011 K/s.
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FIG. 5. Crystallization of sputtered (a) CrNiCu and (b) CrFe-
CoNi-Cu alloys. In (a), systems along the binary NiCu axis
form FCC crystals, in agreement with the pure substances.
With increasing fraction of chromium (with BCC symmetry),
the structure transitions to BCC. Crystal formation over the
full composition range indicates that Rc > 109 K/s for all
CrNiCu (and NiCu) alloys in experiments. Similarly, in (b),
we find crystal formation over the full range of compositions
in CrFe-CoNi-Cu alloys [40], despite several competing crys-
talline phases.

GFA is the same as that with the largest fraction of atoms
with icosahedral order, and a minimal amount of (FCC,
HCP, and BCC) crystalline order.

Additional results from co-sputtering experiments [40]
on multi-component alloys with same-sized atoms pro-
vide further support for our findings. (See SM.) As shown
in Fig. 5 (a), all compositions for NiCuCr (and NiCu) al-
loys crystallize for R ∼ 109 K/s. We also show results in
Fig. 5 (b) for the quinary (high entropy) alloy CrFe-CoNi-
Cu. All compositions crystallize, despite the fact that
the individual elements form different crystalline phases,
confirming our results for the patchy-particle model for
binary alloys without ICO symmetry.

In summary, we employed MD simulations of EAM po-
tentials and the patchy-particle model to investigate the
influence of the atomic symmetry on the GFA of binary
alloys with no atomic size differences. In general, we find
that the minimum in Rc does not occur for the pure sub-
stances. For binary alloys containing atoms with different
crystalline symmetries (FCC, BCC, and HCP), the min-
imum in Rc is only a factor of 5 lower than that for the
pure substances, which is consistent with recent experi-
mental studies of binary systems, such as NiCu and ArKr,
whose elements readily form FCC structures, as well as
high-entropy alloys. In contrast, we find that Rc for bi-
nary alloys containing atoms with ICO and crystalline
symmetries can be reduced by three orders of magnitude
relative to the pure substances by increasing fICO. These
results emphasize that the GFA of binary alloys (even
with elements of the same size) can be greatly increased
by mixing elements that enhance local icosahedral or-
der fi. However, Rc(fi) is not monotonic; we show that
Rc possesses a minimum at a characteristic fi & 0.075,
where quasicrystals begin to form. These results may

explain why it is difficult to obtain binary BMGs with
significant amounts of Al (since it can lead to the for-
mation of quasicrystals), whereas minor alloying with Al
can dramatically increase the GFA of metallic glasses.

Although our results were obtained by studying binary
alloys with elements of the same size, they can provide
insights into the GFA of binary alloys with elements of
different sizes. For example, for the binary alloy CuZr,
the cohesive energies satisfy εZr > εCu, and thus pure Cu
(with FCC symmetry) is expected to have better GFA
than pure Zr (with HCP symmetry). (This result is con-
firmed by MD simulations described in SM.) Further, Zr
is larger than Cu with diameter ratio, σCu/σZr = 0.8, and
based on our prior studies of binary hard spheres [41],
Cu-rich alloys (with a majority of smaller atoms) will
have better GFA. Thus, based on the cohesive energies
and atomic sizes of Cu and Zr, the composition with the
best GFA should be Cu-rich. EAM MD simulations for
CuZr have shown that Cu64Zr36 is the composition with
the best GFA, and at this composition the local icoso-
hedral order is maximized [24, 42]. In future studies,
we will determine whether models of CuZr (as well as
other binary alloys) with effective pairwise interactions
that only include cohesive energy and atomic size differ-
ences (not angular interactions as for the patchy-particle
model) can also generate significant local icosahedral or-
der and enhanced GFA. Using these models, we will iden-
tify promising candidates for BMG-forming binary alloys
by determining those that possess strong icosahedral or-
dering for R > Rc.
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