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We find that minute trace addition �as low as 0.2 at. %� can dramatically enhance glass-forming ability in a
simple cerium-based alloy, accompanied by a fragile-to-strong transition and markedly structural and proper-
ties changes. The phenomena, which cannot be explained well by often-cited theories and empirical rules for
metallic glass formation, are attributed to an increase of the short-range ordering in the alloys. The results
provide evidences for the close relation among the liquid fragility, glass-forming ability, and structure in
glass-forming alloys and may assist in understanding the long-standing issue on glass formation.
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Due to the considerable scientific and technological im-
portance of bulk metallic glasses �BMGs�,1–3 a large number
of efforts have been devoted to investigate the glass-forming
ability �GFA� of metallic alloys in order to develop new
BMGs with superior GFA. A few theoretical and empirical
criteria based on structure, thermodynamics, and kinetics
have been proposed.1–5 However, the understanding of the
mechanisms of glass formation, which is a very complex
phenomenon that has defied rigorous scientific understand-
ing, still remains a challenge and the application of BMGs is
impeded by their low GFA.1–3

Recently, it was found that the fragility m �an index of
how fast the viscosity increases while approaching the struc-
tural arrest at glass transition temperature, Tg �Ref. 6�� is
empirically correlated with other properties.7–13 For example,
m is related to the mean-square displacement, the configura-
tion entropy, and even the relative strength of shear and bulk
moduli of the corresponding glass.11 The correlation found
implies that the factors that determine the nature of a glass-
forming system could have a close relation with its liquid
behavior, and the answer for an underlying mechanism for
the glass formation might be buried deep in the liquid.
Tanaka14 found a correlation between short-range ordering
and fragility, i.e., the stronger tendency of short-range order-
ing in stronger glass formers. In fact, some excellent BMG-
forming alloys have been found to be strong glass formers.13

On the other hand, efforts have been made to explore the
glass-forming issue on a structural point of view. A model for
metallic glasses was proposed that emphasizes the impor-
tance of efficient packing of atoms into clusters and provides
a way for understanding short- and medium-range order in
metallic glasses and allows predictions of new glass-forming
alloy composition.5 Thus, it would be important to study the
glass formation combining with the liquid behavior and
structural features of the alloys.

In this work, we find that a superior GFA in a simple
ternary Ce70Al10Cu20 alloy �“matrix alloy” in the following
context� can be induced by minute trace microalloying,
which cannot be explained well by the often-cited theories
and empirical rules for BMG formation. We have investi-
gated the changes of the liquid behavior and structure and
find that a fragile-to-strong transition and markedly structural
and elastic properties changes accompany the dramatically
enhanced GFA in the Co microalloyed alloys. It is assumed

that the existence of strong-bonding local structure induced
by microalloying changes the liquid nature through increas-
ing the short-range ordering and thus slows down crystalli-
zation kinetics on cooling.

The ingots of Ce70−xAl10Cu20Cox�0�x�5 at. % � were
prepared by arc melting the mixtures of pure Ce, Al, Cu, and
Co elements in argon atmosphere. The ingots were remelted
and sucked into a copper mold to get cylindrical samples.
The structure of the samples was analyzed with x-ray diffrac-
tion �XRD� using a MAC M03 XHF diffractometer �Cu-K�

radiation� and differential scanning calorimeter �DSC� using
a Perkin-Elmer DSC7. The acoustic velocities ��l and �s�
were measured using a pulse echo overlap method by a
MATEC 6600 model ultrasonic system.3 The density was
determined by the Archimedean principle and the accuracy
lies within 0.1%. The Young’s modulus E, shear modulus G,
bulk modulus K, Poisson’s ratio �, and and Debye tempera-
ture �D were derived from the density and acoustic
velocities15 as follows: G=�vs
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where kB is the Boltzmann constant, h the Planck constant,
and � the density.

Figure 1�a� exhibits the pictures of the Ce-based BMG
rods. The lustrous surfaces of the BMGs indicate that they
have good castability upon solidification. Figure 2 exhibits
XRD patterns for the as-cast alloys. The matrix alloy �x
=0� with 2 mm in diameter and Co microalloyed alloys �x
=0.2, 0.5, 1, and 2� with 8–10 mm in diameter show similar
broad diffused diffraction maximum �2��32° � with an av-
erage d value of 2.78±0.05 Å, which demonstrating the typi-
cal amorphous structure of these samples. The XRD pattern
of the matrix alloy with diameter �=5 mm is also presented
and exhibits apparent crystalline peaks of the cubic Ce,
AlCe3, and other unknown compounds, demonstrating that
its GFA is much lower than that of the microalloyed alloys.
The critical diameter �dc� of the alloys as a function of Co
addition is illustrated in Fig. 1�b�. With minute traces of Co
addition �0.2%� dc is dramatically increased from 2 mm to at
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least 8 mm. The effective Co addition for improving GFA is
below 2%. Such a sensitive change of GFA resulting from
microalloying of transition metal is in contrast to the previ-
ous findings that the beneficial addition is usually 	2%.16

The approach should be applicable to a variety of systems
and would assist in guiding BMG development by selection
of proper microalloying elements.

The typical DSC traces of these alloys are exhibited in
Fig. 3. The distinct glass transition and sharp crystallization
confirm the glassy structure of these alloys. The exceedingly
low Tg �below 100 °C� with a large supercooled liquid re-
gion, 
Tx of these BMGs makes it is possible to observe the
intrinsic viscous behavior of the supercooled liquid near am-

bient temperature. For example, the 8-mm-diameter BMG
bar can be hand shaped in near-boiling water �see Fig. 1�a��.
In near-boiling water, these materials can also be repeatedly
shaped similar to polymeric thermoplastic, and can thus be
regarded as metallic plastics. Such a perfect superplasticity
in near-boiling water, which is not expected in the crystalline
alloys, indicates some potential applications. The Tg, crystal-
lization temperature Tx, 
T�=Tx−Tg�, liquidus temperature
Tl, and reduced glass transition temperature, Trg=Tg /Tl, of
these alloys are listed in Table I. 
T and Trg, which are often
used parameters in evaluating the GFA of an alloy, do not
reflect the significant changes of the GFA of the alloys �see
the inset of Fig. 1�b��. Although Co microalloying actually
decreases Tl, as shown in the inset of Fig. 3, such a superior
GFA cannot be attributed to the deep eutectic effect, which is
efficient in many other BMGs.1–3 Previous work suggests
that good GFA consistent with forming BMGs is associated
with Trg�0.6,2 while these alloys do not show expected
larger Trg. Figure 4 shows the critical cooling rate �Rc� as a
function of Trg for various glasses.17–19 The Trg of the alloys
is close to that of Al-based �0.45, Ref. 19� and Pd-Si �0.48,
Ref. 18� melt-spun glasses that show poor GFA. Conse-
quently, the Trg and 
T criteria cannot explain the remark-
ably large GFA in the alloys. The dramatic effect on GFA
cannot be explained by “confusion theory”1 and the atomic

FIG. 4. �Color online� The relation between Trg and critical
cooling rate Rc for various glasses.

FIG. 1. �Color online� �a� Picture of the matrix Ce70Al10Cu20

BMG bar ��=2 mm� �A� and Ce69.8Al10Cu20Co0.2 BMG rod ��
=8 mm� in as-cast state �B� and Ce68Al10Cu20Co2 BMG rod in
shaped form �C� bent by hand in near-boiling water. �b� The relation
between the critical diameter �dc� and Co content. A sharp increase
of dc with 0.2% Co microalloying is shown, and the inset shows the
changes of Trg and 
T as a function of Co microalloying content.

FIG. 2. �Color online� XRD patterns for the matrix alloy and Co
microalloying alloys.

FIG. 3. �Color online� Typical DSC traces focusing on the glass
transition and crystallization for the Ce70−xAl10Cu20Cox �x=0, 0.2,
and 1� BMGs �the heating rate is 10 K/min�. The inset shows the
melting events of the Ce70−xAl10Cu20Cox alloys at the same heating
rate.
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size factor either �Co and component Cu have similar atomic
size�.

To understand the underlying mechanism for such an un-
usual phenomenon, we investigate the fragility of these al-
loys. The liquid fragility can be determined in a purely ther-
modynamic way near Tg, and the m estimated this way are
consistent with those obtained by kinetic method.12,20 Be-
cause the increase on reheating of the heat capacity from
glass value to equilibrium liquid value occurs over a range of
temperature and the range is determined by how quickly the
relaxation time changes with temperature, a correlation of
fragility with the reduced glass transition width

Tg /Tg�
Tg=Tg-end−Tg� from DSC scan has been demon-
strated for glasses, which is closely related to the thermody-
namic fragility F1/2.20 The correlation can be used to monitor
the colorimetric fragility change of the microalloyed alloys.
As shown in the inset of Fig. 5, the Ce69Al10Cu20Co1 BMG
has a large 
Tg /Tg�0.074� �other Co microalloyed BMGs

have similar 
Tg /Tg values and all larger than that of the
silica-based glass NBS711�, while the matrix alloy has low
value of 
Tg /Tg�0.041� close to that of the typical fragile
liquid of propylene carbonate. A combination of these results
and various glasses12 is shown in Fig. 5 �details are presented
in the Fig. 5 legend�, and the 
Tg /Tg values for the BMGs
are marked by the horizontal dashed arrows. One can see that
a distinct “fragile”-“strong” transition occurs and the fragile
matrix liquid is converted to more strong liquid by traces of
Co microalloying. The transition is also supported by the
jump in apparent heat capacity �
Cp� near Tg. A small jump
in 
Cp near Tg suggests a strong resistance to structural deg-
radation in a liquid, e.g., strong liquids such as SiO2 show a
small jump near Tg in 
Cp while the typical fragile liquids
such as AuPbSb alloy21 and propylene glycol show a sharp
peak or large 
Cp jump.6 The 
Cp upon glass transition
versus Tg-scaled temperature is plotted in the inset of Fig. 5.
Apparently, the Co bearing alloys exhibit different Cp
changes near Tg and the 
Cp “jump” is much smaller com-
pared with that of the matrix alloy. When 
Cp is very small,
the configuration entropy Sc �Sc=��
CP /T�dt� is almost T
independent, and then the Adam-Gibbs equation22 ��
=�0 exp�A /TSc�, where � is relaxation time, �0 and A are
constants� would predict an Arrhenius temperature depen-
dence of relaxation behavior corresponding to a strong liq-
uid. The correlation of a small value of m with a small jump
in 
Cp upon glass transition conforms that the chemical ma-
nipulations of the alloy, by minute traces of Co addition, can
convert “fragile” liquid into intermediate strong liquid when
vitrified at Tg accompanying with dramatically increase of

FIG. 6. �Color online� Relative changes of the density, elastic
moduli, and Debye temperature for the Co microalloyed BMGs
with respect to the matrix BMG as a function of Co content.

TABLE I. The critical thickness dc and the thermal parameters of Tg, Tx, 
T, Tl, and Trg for the matrix
and Co microalloyed alloys.

Alloys
�at. %�

dc

�mm�
Tg

�K�
Tx

�K�

T
�K�

Tl

�K�
Trg

�Tg /Tl�

Ce70Al10Cu20 2 337 410 73 722 0.471

Ce69.8Al10Cu20Co0.2 8 339 414 75 721 0.470

Ce69.5Al10Cu20Co0.5 10 337 419 82 716 0.471

Ce69Al10Cu20Co1 10 340 421 81 713 0.477

Ce68Al10Cu20Co2 10 352 419 67 716 0.492

Ce65Al10Cu20Co5 8 345 414 69 676 0.510

FIG. 5. �Color online� Relation between 
Tg /Tg and F1/2.

Tg /Tg has been demonstrated to correlate with the fragility param-
eter F1/2 for inorganic and molecular glasses as a VFT function �the
solid line� �Ref. 12� We use this correlation to determine the fragil-
ity for the present BMGs, and the dashed arrows to the vertical axis
show the 
Tg /Tg of Ce70−xAl10Cu20Cox �x=0 and 1� BMGs, which
is defined and determined from the Tg-scaled DSC curves at
40 K/min in the inset. The fragility plots �the filled circle� for the
inorganic and molecular glasses are taken from Ref. 12.
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GFA. The superior GFA of the alloys correlates with the
strong liquid behavior, which has also been reported in other
BMGs.13,23–25

To find out possible structural origins of the transition, the
elastic properties measured by acoustic method, which is
useful for probing subtle structural changes, are
investigated.15 The density, acoustic velocities, elastic con-
stants, and Debye temperature for the amorphous alloys are
collected in Table II. The changes of density, elastic moduli,
and Debye temperature relative to the matrix alloy are con-
trasted in Fig. 6. The relative density increases 0.95%, 1.1%,
and 1.3% for 0.2%, 0.5%, and 1% Co microalloyed BMGs,
respectively. All the acoustic velocities and elastic moduli
show abrupt change for the alloy with 0.2% Co alloying. For
example, the relative changes of vl and K are close to the
changes induced by full crystallization in other BMGs �in
Zr-based BMG, the crystallization induced relative changes
of vl and K are 5.2% and 3.9%, respectively3�. A sharp in-
crease of �D is also induced by 0.2% Co addition; the distinct
increase of �D means the acoustic modes in the alloys with
Co addition become much stiffer compared with the matrix
Co free alloy. The results demonstrate that the fragile-to-
strong transition accompanies sudden structural and proper-
ties changes. The much more dense packing structure and the
markedly properties change are the signature of the existence
of some especially strong bonds in the alloys.15

The degree of short-range ordering in a liquid controls the
fragility, and the stronger tendency of short-range ordering in
a stronger glass former.14 Thus the decrease of m and the
higher degree of atomic packing imply a strong tendency of
short-range ordering in the microalloyed alloys. The strong
glass formers usually have a covalent tetrahedral network
with stable short- and medium-range structure. Generally, the
degree of short-range bond ordering increases in the
covalent-bonded liquids, and network-forming covalent liq-
uids such as SiO2 are typically strong glass formers.6 The
local strong ordering structure plays the key role in the glass
formation. The structural ordering leads to a decrease of Sc

of the liquid. According to the Adam-Gibbs theory,22 this
will result in more viscous and higher density liquid that
slows down the crystallization kinetics on cooling and then
enhances the GFA of the alloys. Fe element was reported to
show strong covalent bonding with Al in the Al-Fe-Ce me-
tallic glasses.26 Fe microalloying has been performed and a
similar effect on the GFA of the Ce-based matrix alloy has
been found.
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Alloys
�at. %�

�
�g/cm3�

�l

�km/s�
�s

�km/s�
E

�GPa�
G

�GPa�
K

�GPa� �
�D

�K�

Ce70Al10Cu20 6.669 2.568 1.296 29.91 11.25 29.18 0.329 142.3

Ce69.8Al10Cu20Co0.2 6.733 2.631 1.309 30.82 11.54 31.22 0.336 144.2

Ce69.5Al10Cu20Co0.5 6.744 2.634 1.314 31.08 11.64 31.26 0.334 145.0
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