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Exploring the Origin of
Fragile-to-Strong Transition in
Some Glass-Forming Liquids

Yuanzheng Yue and Lina Hu

The slow dynamics of glass-forming liquids is a complex subject of the condensed
matter science. But the fragile-to-strong transition, which was observed not long
ago [Ito, et al, Nature 1999], makes this subject even more complex since it is
extremely challenging to directly probe the structural, topological and thermody-
namic changes causing this transition. The theory for describing the transition
has not been fully established. In this paper, we summarize our current under-
standing of the fragile-to-strong transition in some glass-forming liquids based
on our two published papers and recent unpublished results. At the same time
we point out major challenges and perspectives for clarifying both the origin
and consequences of the fragile-to-strong transition.

13.1 Introduction

Since Angell proposed the key dynamical concept - liquid fragility three decades
ago [1], scientists from different fields have been exploring the origin and conse-
quences of liquid fragility in terms of structure, topology, and thermodynamics.
It is inspiring that substantial progress in understanding of liquid fragility has
been made over the past three decades with respect to a large range of glass
forming liquids. However, while old crucial glass problems have been clarified,
new challenging problems have merged. One of these challenging problems is
about the origin of the fragile-to-strong (F-S) transition observed in many glass
forming systems such as water [2] and metallic systems [3, 4]. A big hurdle for
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tackling this problem is the difficulty in directly probing the structural, dynam-
ical and thermodynamic evolvements in the F-S transition temperature region
since it occurs right within ‘n-man’land, at least for most of the F-S transition
liquids, where dynamic measurements are hindered by crystallization. Despite
the obstacle, scientists have still made advances in investigating the F-S transi-
tion by applying indirect approaches. In the present contribution, we summarize
our recent findings and new insights into the F-S transition problem based on
our two published papers [4, 5] and very recent results [6, 7, 8].

13.2 Fragile-to-strong Transition as a Universal

Feature of Strong Liquids

In ref. [4], we observed a striking fragile-to-strong transition in all the metallic
glass-forming liquids (MGFLs) that we have studied. The extent of the fragile-
to-strong transition depends on the chemical composition of MGFLs. These
observations along with our follow-up work suggest that the F-S transition be
a general dynamic feature of MGFLs. The extent of the F-S transition de-
pends on the chemical composition, and may be quantified by a new parameter
f = mfragile/mstrong , where mfragile and mstrong are the fragility indices of the
fragile and strong phases, respectively. However, the detailed dynamic trend
of the MGFLs cannot be described by the existing three-parameter viscosity
models. In this context we proposed a new model to describe the F-S transition
of MGFLs [4] and we expect that it may be extended to other liquids show-
ing the F-S transition. This model contains a strong term and a fragile term,
which are correlated with two dynamically competing phases, and hence two
relaxation mechanisms, respectively. Our findings indicate that the F-S transi-
tion is intrinsic to strong liquid systems as a relaxation mode of higher entropy
and higher activation barrier becomes dominant at some high temperatures for
these systems. The size evolvement of the medium range ordered clusters in
these systems upon cooling from liquidus temperatures towards glass transi-
tion temperatures is non-monotonic and experiences an abrupt change when
crossing the F-S transition region. Thermodynamically, the F-S transition is
accompanied by a Lambda transition [9].

13.3 Origin of the Fragile-to-strong Transition

In ref. [5], we studied the influence of the cooling rate on the sub-Tg enthalpy
relaxation behavior for two kinds of metallic glass ribbons. Remarkably, we ob-
served an abnormal three-step relaxation pattern with respect to the cooling
rate dependence of the activation energy of enthalpy relaxation in the hyper-
quenched (HQ) ribbons. We regard this abnormal sub-Tg relaxation behavior
as a thermodynamic signature of the F-S transition due to the competition
between the low and high temperature clusters in MGFLs. Based on our recent
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results [6, 7], this abnormal sub-Tg relaxation behavior might be a general fea-
ture of the hyperquenched metallic glasses, and its origin is closely related to
the chemical and/or structural heterogeneity in supercooled liquids. Through
this work, the hyperquenching-annealing strategy is proven to be a useful tool
for providing insights into the thermodynamic source of the F-S transition.

In ref. [7], we observed a pronounced abnormal calorimetric response in the
HQ LaAlCuNi glass ribbons fabricated at different cooling rates. We found that
there is a critical intermediate regime of fabrication cooling rates (corresponding
to the rotation speed of about 2000 round/min), where both enthalpy relax-
ation and crystallization behaviors greatly differ from those of glasses formed at
other cooling rates. This abnormal behavior corresponds well with the pressure-
induced relaxation anomaly in the same glass. The fictive temperature of the
glass ribbons formed at 2000 r/min is close to that determined by both the
kinetic methods and the molecular simulations for the F-S transition. The ab-
normal relaxation behavior indicates that the thermodynamic F-S transition
indeed occurs in MGFLs. To further explore the structural origin of the F-S
transition we analyzed the microstructural evolutions during the F-S transition
in a LaAlCuNi liquid [8]. Very recently, by performing viscosity and heat capac-
ity measurements we found that the first-order liquid-liquid transition occurs
in a CuZrAl liquid series even above the liquidus temperature. This transition
is also observed in other metallic systems [9]. Such results give implications for
the existence and competition of both strong and fragile phases.

13.4 Challenges and Perspective

It is speculated that the F-S transition might be attributed to the destruction
of medium-range isocahedral order in the melt with increasing temperature.
However, direct experimental evidence is missing, and hence we are far from
complete understanding of the F-S transition. This is mainly hindered by the
limitation of existing experimental approaches for accessing the no-man’land.
To reveal the origin of the F-S transition we must find a way to directly probe
both structural changes in microscopic length scales and fluctuation in density.
However, two recent attempts in probing the dynamic and thermodynamic
response of the F-S transition seem promising [5, 6, 7, 9, 10]. The first one
is to trap the potential energy state and structure of metallic liquids in the
low temperature regime of the F-S transition by hyperquenching, and subse-
quently to partially anneal HQ samples below Tg and afterwards upscan them
in a calorimeter and conduct structural characterizations. By controlling hyper-
quenching, annealing and calorimetric protocols, we will be able to access the
relaxation modes and structural changes and hence infer the microscopic origin
of the F-S transition in a certain range of fictive temperatures. The second
one is to dive into the supercooled region as deep as possible by using contain-
erless levitation melting techniques, and simultaneously to directly access the
dynamic (e.g. relaxation time or viscosity), thermodynamic (e.g. density) and
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structural evolvement of the supercooled liquids during the F-S transition by
means of newly developed in situ characterization techniques [10].

The lower temperature limit of the supercooled liquid region is getting
lower with rapid development of the levitation melting technology, whereas
the upper limit of the fictive temperature becomes higher with development
of hyperquenching technology. In this case, non-man’land is gradually being
occupied. However, on the other hand, there is still some non-man’land re-
maining, i.e., the gap between the upper and lower limit is not fully closed yet,
and hence dynamic and thermodynamic data in the middle range of the F-S
transition cannot be directly obtained. Thus, the viscosity versus temperature
trend can be only approximately achieved if fitting the available data to Eq.
(7) in [4]. Despite the difficulty in further narrowing the non-man’land, we are
optimistic about major progress for the following reasons.

First, technologically it will be possible to drastically raise hyperquench-
ing rate (e.g., 108K/s) for arresting the structure and the high potential energy
state of the glass-forming liquids exhibiting the F-S transition. By doing so, we
can achieve the fictive temperatures that covers the F-S transition region as
much as possible. A drastic increase of hyperquenching rate could be realized
by fabricating low dimensional glassy materials such as nano-fibers and -films.
Thus, the structure and enthalpy relaxation of these high Tf glasses can be de-
termined under ambient conditions, and hence the details of the dynamics can
be inferred. This enables accessing the higher part of the potential energy land-
scape, and acquiring information on configurationally and vibrationally excited
states in glass by means of sub-Tg annealing, subsequent calorimetric scanning,
and other advanced characterization techniques. To capture the thermodynamic
signature of the F-S transition, both conventional and flash differential scan-
ning calorimeters should be applied. Furthermore, understanding of structural
and dynamic heterogeneities will constitute a basis for understanding the F-S
transition. Recently we succeeded in detecting the structural heterogeneity by
performing the sub-Tg enthalpy relaxation and atomic resolution transmission
electron microscopy [11].

Second, it will also be possible for a glass forming liquid to enter deeply
no-man’land by applying the improved containerless levitation technique. For
example, scientists have recently succeeded in driving the liquid alumina down
to the temperature 400 K below the liquidus temperature without crystallizing,
while viscosity and density were simultaneously measured [10]. It would be
highly interesting if we could conduct in-situ structural characterizations on
this kind of liquid as done on the MGFLs [10]. Actually, there has already been
a sign that the liquid alumina looks like metallic liquids in terms of the F-S
transition. Recently, the dynamics of the binary alumina-calcium series is being
probed. Moreover, the liquid-liquid phase relations have been directly observed
in levitated yttria-alumina drops with X-rays and high speed imaging [12].
With further improvement of the levitation-in situ characterization techniques,
we expect that it would be possible to directly probe the density transition
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of the liquid and the abrupt change in cluster structure and size in the F-S
transition regime.

Finally, the molecular dynamic simulation and advanced theoretical ap-
proaches will be highly valuable for revealing the origin of the F-S transition.
It would be a big step forward if one can model the abnormal evolvement of
cluster structure in the liquids during the F-S transition, which greatly deviates
from the evolving trend of the cooperative rearranging regions predicted by the
Adam-Gibbs model.
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