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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 [Tto, 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on our two published papers and recent unpublished results.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
= Mfragite/ Mstrong, Where Mprqgie and Mgirong 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-T, 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-T} 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-T 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 T, 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 T 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-Tj 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-T, 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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Two of the Earth’s most abundant substances, water and silica, exhibit some of the most unusual
properties in nature. Among these is an anomalous scaling of liquid dynamics, which appear
non-Arrhenius (or “fragile”) at high temperatures yet Arrhenius (or “strong”) at low temperatures.
Here we show that this fragile-to-strong (F-S) transition is not limited to a few liquids such as water
and silica, but is possibly a general behavior of metallic glass-forming liquids. We also propose a
general model for the viscosity of F-S liquids that captures the scaling of dynamics across both the
fragile and strong regimes. © 2010 American Institute of Physics. [doi:10.1063/1.3457670]

I. INTRODUCTION

As a liquid is supercooled through the glass transition
region, the viscosity increases by more than twelve orders in
magnitude. This slowing-down process is characterized by
the concept of liquid fragility.]’4 Upon supercooling toward
the glass transition temperature, 7, in some liquids the equi-
librium viscosity increases in an Arrhenius-like fashion
(strong liquids), but in others the viscosity displays highly
non-Arrhenius scaling (fragile liquids). According to the
standard definition,'™ the fragility index m is given by

dlogyy 7
d(T/T) ,:.,.!’

(M

where 7 is shear viscosity and 7 is the absolute temperature.
The concept of liquid fragility is widely recognized as one of
the most intriguing topics in modern glass physics.

The equilibrium viscosity of a glass-forming liquid can
be described by the Mauro—Yue—Ellison-Gupta—Allan (MY-
EGA) equation’

o 75 7 ol ) :
og 77=log 7.+ exp| . |. @
where 7, is the viscosity in the high temperature limit and B
and C are constants related to the onset of rigidity in the
liquid network.” These parameters are typically obtained by
fitting the experimental viscosity data to Eq. (2). It has been
shown that Eq. (2) provides better fits to measured viscosity
data compared to previous models such as Vogel-Fulcher—
Tammann and Avramov-Milchev.” The fragility parameter
m, can be derived from Egs. (1) and (2) as’

B C C
mzi(l+i)exp(i>, (3)

where T, is the standard glass transition temperature5 Alter-
natively, one can determine the parameters B, C, and hence

“Electronic mail: yy@bio.aau.dk.

m using a calorimetric method®™® based on the dependence of
the fictive temperature 7 on the heating rate ¢ near the glass
transition. With this approach, Eq. (2) is expressed as

log ¢=1log .- 5exp(£>, @
Iy "\

where ¢, is the heating rate in the limit of infinite fictive
temperature. The value of m calculated by this method is
consistent with that obtained by the standard kinetic
method.®

For most glass-forming liquids, a single fragility param-
eter at T, is sufficient to describe equilibrium dynamics
across the full range of temperatures. However, certain glass-
formers such as water and silica require two different fragil-
ity parameters to reflect the changing fragility of those lig-
uids in different temperature regimes. In other words, an
initially fragile liquid is transformed into a strong liquid
upon supercooling toward 7. This is the so-called fragile-to-
strong (F-S) transition, first discovered in water by Ito er al’
Water is one of the most fragile of any liquids at tempera-
tures above the liquidus, Tj;,. However, it is one of the stron-
gest near the glass transition. "' Kinetically speaking, the
temperature dependence of the « relaxation time for water
changes from a pronounced non-Arrhenius to a nearly
Arrhenius behavior in the temperature range of 225-230 K.

To clarify the origin of the F-S transition, numerous
studies have been carried out both theoretically and experi-
mentally. Jagla” proposed a useful model that ascribes the
F-S transition in water to a competition between two differ-
ent local structures. In terms of Tanaka’s two-order-
parameter model'? of tetrahedral liquids, the F-S transition of
water can be interpreted as the crossover from a non-glass-
forming to a glass-forming branch. Liu et al."” attribute the
F-S transition to a translation from a high-density liquid to a
low-density liquid. Finally, Hedstrom et al' suggest that the
F-S transition in water is a result of merging of a nonobserv-
able « relaxation and a local B relaxation.

Besides water, the fragile-to-strong transition is also
found in SiO, (Refs. 15 and 16) and in BeF,I7 Analysis of
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TABLE L. Optimized viscosity parameters of Eq. (2), expressed in terms of the glass transition temperature 7T,
the fragility parameters m and m’, and the F-S transition magnitude f=m’/m.

log 7. Tg
Composition (Pas) (K) m' m f
GdssAlysCony —2.65 589 13 25 45
GdssAlysNijoCoyq —258 579 133 25 53
PrssNigsAly ~3.05 484 156 19 82
SiissAlysCoioNij -2.33 551 130 37 35
SmspAlLyCos —2.40 586 136 29 47
SmssALsCoyoCuyg -2.71 534 14 27 42
LassALsNiy, -3.03 491 127 40 32
LassALsNijsCus -323 474 130 34 38
LassAlysNisCu, s 327 459 134 40 34
AlgCogCes 272 559 114 34 33
CessAlys -3.12 541 127 32 40
Water —3.90 165 98 22 4.5

experimental and simulation data shows that liquid silica,
which is an archetypical strong liquid near 7, may be trans-
formed into a fragile liquid at temperatures above roughly
3300 K." Simulations of the silica energy landscape have
revealed that the F-S transition is related to the polyamorphic
behavior of silica glass.w

While in the previous literature most MGFLs are char-
acterized as relatively strong liquids (stronger than most
oxides), recently the fragility of  supercooled
Zr41 5Tl 38Cuy,5NijgoBesy s was found to differ from that of
the equilibrium liquid at high temperatures‘z{7 This implies
that a possible F-S transition might occur in this specific
system. In order to find out whether the F-S transition is a
general feature of metallic glass-forming liquids (MGFLs),
we perform a thorough experimental study of the dynamical
behavior of eleven MGFLs (see Table I) over both the high
and low temperature regimes. At the same time, we attempt
to establish a model for the viscosity of F-S liquids that
captures the scaling of dynamics across both the fragile and
strong regimes. This model should also be capable of de-
scribing the viscosity of the non-F-S liquids.

Il. EXPERIMENTAL PROCEDURE

The samples for viscosity and T, measurements were
prepared from a mixture of pure elements by arc melting
under an argon atmosphere. Then the pre-alloyed ingots were
remelted in a high-frequency induction furnace and rapidly
solidified into continuous ribbons by the single roller melt-
spinning technique. The glassy ribbons were obtained by the
melt-spinning technique.

The low temperature viscosities of the Ce-, Al-, Gd-,
Sm-, and La-based glassy ribbons were measured by means
of a calorimetric method described elsewhere.*™® The calori-
metric measurements were performed using a differential
scanning calorimeter (DSC) with a the sample mass of
20+0.5 mg. All DSC measurements were conducted in a
flowing (30 cm?/min) nitrogen gas. The temperature error
was =2 K. The samples underwent two runs of DSC up- and
downscans. The rate of each upscan was always equal to that
of the prior downscan. The upscan rate ranges from 1 to 50
K/min. The DSC output (heat flow) of the first upscan re-

flects the enthalpy response of a fresh sample with an un-
known thermal history (i.e., an unknown cooling rate that the
sample experiences during melt-spinning), whereas that of
the second upscan reflects the enthalpy response of the
sample with a well defined thermal history (i.e., a known
cooling rate). The onset temperature of the endothermic
jump at the second upscan was assigned as the calorimetric
fictive temperature, Tf.ZI The T value increases with increas-
ing the upscan rate equal to the prior downscan rate, as
shown in Eq. (4). The T} value measured during an upscan at
20 K/min after a previous downscan at the same rate gives
the standard glass transition temperature, 7,. According to
previous studies,™® the fictive temperature dependence of
the reciprocal DSC upscan rate corresponds to the tempera-
ture dependence of the equilibrium viscosity. This ensures
that the data shown in the supercooled liquid around 7, in
Figs. 1-4 reflect the equilibrium values of viscosity, rather
than the nonequilibrium or “isostructural” viscosity of the
gluss.zz‘23 The low-temperature viscosities of Pr-based metal-
lic samples were measured using the three-point beam bend-
ing method described in detail elsewhere.”*
High-temperature viscosity measurements were carried

12
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104 Gd, Al Co, Ni,
84 ¢ Pr.Ni Al
1t
- 6, O water
(]
g 4
= 24
e
- 0_
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FIG. 1. Viscosities (7) of liquid water and three metallic glass-forming
liquids as a function of the 7, scaled temperature 7, where T, is the glass
transition temperature. The dashed line shows a sketch of the F-S transition
region for water. The solid lines are fits of Eq. (2) to the experimental
viscosity data of SiO, and OTP.
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FIG. 2. Viscosities (7) as functions of the 7|, scaled temperature 7 for eight
metallic glass-forming liquids. Solid curves: fits of Eq. (2) to the measured
viscosity data. Inset in Fig. 2(b): the relaxation time as a function of 7,/T
for the CessAlys glass.

out in a high vacuum atmosphere with an oscillating
viscometer.” The samples were placed in a vessel hung by a
torsional suspension wire. The vessel was set to oscillate
about a vertical axis, and the resulting motion was gradually
damped due to frictional energy absorption and dissipation
within the melt. The samples sealed in a vacuum of
10~% Torr were overheated to 250 K above liquidus tempera-
tures and held at the temperature for 30 min. Then the
samples were cooled to the detected temperature and held for
30 min before the viscosity measurement. At each tempera-
ture the viscosity was measured three times. Above the liqui-
dus temperature, the relaxation time is so short that the mea-
sured data directly represent the equilibrium values of
viscosity.

O LagsAlxsNigg
A LasgAlysNigsCus

logn (Pas)

04 05 06 07 08 09 10
T

FIG. 3. Comparison of the models in Eq. (2) (dashed lines) and Eq. (7)
(solid lines). Here, Eq. (2) is fit to the high temperature viscosity data only.
The viscosity data are shown for two metallic glass-forming liquids.
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FIG. 4. The double exponential form of Eq. (7) includes two contributions
to the overall viscous behavior of metallic glass-forming liquids: a fragile
term dominant at high temperatures and a strong term dominant at low
temperatures. These terms correspond to two different relaxation mecha-
nisms, which have a comparable time scale during the F-S transition. The
fits are shown for two metallic glass-forming liquids: (a) LassAl,sNiyy; (b)
LassAlysNijsCus.

lll. RESULTS

Figure 1 shows the fragility diagram for three MGFLs:
GdssAlysC0s9, GdssAlysCoyoNiyg, and PrssNipsAlyy ™ The
viscosity data for SiO,, orthoterphenyl (OTP), and water are
also presented for comparison. The high temperature viscosi-
ties of the MGFLs were measured using the oscillation ves-
sel method. The viscosity data of the Gd-based glass samples
were measured using the calorimetric method while those of
the Pr-based using the three-point beam bending method.
Near T, the fragility, i.e., the slope of the log »~T,/T
curves [see Eq. (1)], of the metallic glasses is close to that of
SiO, and water, but significantly smaller than that of OTP.
This indicates that the low 7 supercooled liquids are rela-
tively strong. In contrast, on the high T side (above Tj,), the
fragility of the MGFLs is close to that of OTP and water.
This indicates that the MGFLs at high T are rather fragile.
Over the entire range of temperatures, there is a remarkable
similarity in the dynamical behavior of MGFLs and water.
Figure 2 shows the fragility diagram for eight additional
MGEFLs, all of which exhibit a pronounced F-S transition
similar to that in water.

The viscosity data shown in Fig. 2 were obtained for
three Sm-based bulk alloys, three La-based bulk alloys,(”27
one Ce-based alloy (CessAlys), and one marginal alloy
(Alg;CogCes) (Refs. 21 and 28) for both the equilibrium lig-
uid above Tj;, and the supercooled liquid near T,. The high
and low temperature viscosity data are independently fit to
Eq. (2). The high temperature viscosity data were measured
using the oscillation vessel method while the low tempera-
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ture viscosity data were obtained using the calorimetric ap-
proach. The two kinds of fitting curves are extrapolated to a
common T, point as indicated in Fig. 2. The extent of the F-S
transition of the eight liquid metals varies only slightly from
each other and is similar to that observed in water. In the
inset of Fig. 2(b), the structural relaxation time 7 is plotted
against the T,-scaled temperature for the CessAlys glass dur-
ing heating. The structural relaxation time 7 is determined
using the Maxwell equation 7=17/G.., where G., is the shear
modulus at infinite frequency. From this representative plot,
it is confirmed that the low temperature viscosities shown in
this work are indeed characteristic of the supercooled liquid
region near T,.

To quantify the extent of the F-S transition in the chosen
MGFLs, we perform two steps of data fitting. In the first
step, the low temperature (near T,) viscosity data are fit to
Eq. (2) to obtain a set of parameters such as B and C, from
which the fragility parameter m is calculated using Eq. (3).
The parameter m quantifies the fragility of the supercooled
liquids near 7. In the second step, the high temperature
(>T) viscosity data, together with the fixed data point of
10" Pas at Tg,'z’22 are fit to Eq. (2) to get another set of
parameters (B’ and C’), from which the fragility parameter
m’ is obtained using Eq. (3). The parameter m’ quantifies the
fragility of the liquids above Ty, For a liquid without F-S
transition, m and m’' have the same value. However, for a
liquid with a F-S transition, m and m’ will have different
values, i.e., m<m'. The difference in fragility between the
equilibrium and the supercooled liquids can be quantified by
the ratio m’/m. Here, this ratio is referred to as the F-S
transition factor f, i.e.,

f=—=1 ®)
m

which we propose as a quantitative measure for the extent of
the F-S transition. The larger the factor f, the larger is the
extent of the F-S transition during cooling. The definition of
[ is especially important since the F-S transition itself is not
directly detectable during a normal (i.e., slow) cooling pro-
cedure, since these liquids—both water and MGFLs—are
highly unstable in the F-S transition region due to the inter-
vention of crystallization. To obtain viscosity data near T,
the liquid must be rapidly quenched, in some cases, hyper-
quenched (cooling rate >10° K/s) to become a glass, de-
pending on the specific glass-forming ability of MGFLs.
Then, the viscosities of the reheated glass are measured in
the temperature range between T, and the onset temperature
of crystallization.

Table I lists the values of log 7., Tg, m, and m’, and the
F-S transition factor f=m'/m, for all of the liquids under
study. The F-S transition parameter f is larger than 1 and
ranges from 3.2 to 8.2 for these liquids. The extent of the F-S
transition differs from one metallic liquid to another, with
PrssNiysAlyy having the largest of all studied MGFLs. It
should be mentioned that the differences in experimental
methods for measuring the viscosity data in the supercooled
liquid region near T, could cause a scattering of the f
values.”’ However, such scattering is much smaller than the
extent of the F-S transition itself.
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IV. DISCUSSION

The factor f listed in Table I confirms the existence of a
F-S transition in the studied MGFLs. Such a transition might
be a general dynamic behavior of metallic glass-forming lig-
uids. While the factor f provides a means for quantifying the
extent of the F-S transition, it is based on separate fits of a
three-parameter viscosity model to the high and low tem-
perature regimes, neither of which captures the F-S transition
region itself. In fact, none of the existing three- or four-
parameter viscosity models in literature is capable of captur-
ing 7(T) for F-S transition liquids across the full range of
temperatures. Hence, there is a great need to develop a gen-
eralized viscosity model capable of capturing the dynamics
of F-S liquids accurately.

We now propose a new viscosity model for F-S liquids
based on a simple extension of the MYEGA expression in
Eq. (2), which is derived based on a combination of the
Adam-Gibbs equa[ion30 and the notion of temperature-
dependent constraints.”'*? Whereas the three-parameter
form of Eq. (2) is obtained by assuming one dominant
floppy-to-rigid transition as the liquid is cooled toward the
glass transition, the anomalous F-S behavior can be captured
using two constraint onset temperatures. With this approach,
a generalized MYEGA expression can be written as

B

G o\
T| wyexpl = — | +wyexp| — —
T T

(6)

Physically, C; and C, correspond to two constraint onsets at
which different structural mechanisms (weighted by w; and
w,, respectively) induce floppy-to-rigid transitions. For F-S
transition liquids, these correspond to two different mecha-
nisms controlling the dynamics in the fragile and strong re-
gimes. Defining normalized weighting factors W,=w,/B and
W,=w,/B, Eq. (6) reduces to a five-parameter form

1

el o\l
T| Wyexp| = — | + Wyexp| = —
T T

@]

Please note that the standard three-parameter MYEGA ex-
pression of Eq. (7) is recovered when C;=C,. This means
that Eq. (7) is a generalized model describing the dynamic
behavior of both F-S and non-F-S liquids. The two additional
parameters are required to model the high temperature fra-
gility and the F-S crossover temperature. Figure 3 shows fits
of Eq. (7) to the viscosity data of LassAl,sNiy and
LassAl,sNijsCus. By using a second constraint onset mecha-
nism, Eq. (7) is able to capture the full range of viscosities,
including both the high and low temperature ends, as well as
the F-S transition region.

Table II lists the optimized parameter values of Eq. (7)
for all F-S liquids under study. Here we note a clear separa-
tion of the parameters into two terms that dominate the dy-
namics in either the high temperature (i.e., fragile) or low

log n=1log 7., +

log n=1log 7.+
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TABLE II. Optimized viscosity parameters using the extended MYEGA model of Eq. (7).

log 7.
Composition (Pas) W, C, W, C,
GdssAlysCoy —2.49 7966 13188 0.000 27 503
GdssAlysNijoCoro 239 3078 12327 0.000 28 500
PrssNijsAly ~3.03 5180 12674 0.000 32 412
SmssALsCooNiy 224 517 10707 0.000 33 524
SmsAlLCos 235 1526 13516 0.000 28 498
SmssALsCoCuo —2.60 1205 13 166 0.000 32 482
LassAlyNiy ~2.89 4715 11032 0.000 47 609
LassAlLysNijsCus -3.13 6993 13414 0.000 48 587
LassAlsNisCu,s —3.11 1806 10829 0.000 54 600
Alg,CogCes —2.59 559 10 683 0.000 33 558
CessAls —2.89 181 10628 0.000 39 630

temperature (i.e., strong) regimes. This is illustrated in Fig. 4
for LassAlysNiy, and LassAlysNijsCus, where we show that
using a single exponential in Eq. (7) can capture either the
fragile or the strong regime separately, but both terms are
required to reproduce the F-S transition region. Please note
that, plotted separately, the fragile and strong liquid phases
would exhibit two independent glass transition
lemperatures.” As is evident in Fig. 4, the fragile phase
would exhibit a much higher 7, compared to the strong
phase. However, as the fragile liquid is cooled, the fragile-
to-strong transition intervenes, effectively mitigating the in-
crease in viscosity with decreasing temperature. Since this
fragile-to-strong transition occurs at viscosities well below
the 7, of the fragile phase, the actual T, exhibited by the
equilibrium liquid corresponds to that of the strong liquid. It
is this equilibrium (or standard) 7, that we use for normal-
ization of the temperature axis in all of the ﬁgures.22 It
should be mentioned that the optimized viscosity parameters,
especially Wy, are sensitive to the number of the data points
used for fitting. To obtain the optimized viscosity parameters
that can accurately describe the F-S transition, it is essential
to acquire sufficient viscosity data points in both the high
and low temperature regions.

Physically, the fragile term in Eq. (7) (dominant at high
temperatures), corresponds to a relaxation mechanism having
both a high activation enthalpy and a high transition point
entropy. Conversely, the strong term (dominant at low tem-
peratures), results from a comparatively low activation en-
thalpy and low transition point entropy. This relationship
among fragility, activation enthalpy, and entropy has been
analyzed in detail by Mauro and Loucks® within the energy
landscape framework. Based on this discussion, it is apparent
that a reverse strong-to-fragile transition is not a physically
realistic scenario, since the higher entropy mechanisms will
always be more dominant at higher temperatures leading to
higher values of fragility. Hence, the F-S transition parameter
f of Eq. (5) can never be less than unity.

The entropic nature of the F-S transition also explains
the wide range of values in Table II for C; and W, of the
fragile phase at high temperatures versus C, and W, of the
strong phase at low temperatures. The higher value of C;
>(C, is indicative of a higher activation enthalpy for the
dynamics in the fragile phase. However, at high temperatures

this is more than compensated by the greater W, > W,, which
indicates a much greater number of transition paths (i.e.,
transition point entropy) for the fragile phase. In the energy
landscape framework, the system samples phase space with
deeper enthalpy wells but a much greater number of escape
pathways (the number of which can vary by orders of
magnitude“) In contrast, the strong phase is characterized
by shallower enthalpy wells with a fewer number of transi-
tion pathways. Please note that this type of competition be-
tween entropy and enthalpy is essential for the existence of a
fragile-to-strong transition. In the absence of such competi-
tion, it is impossible to have such characteristically different
scaling of dynamics at different temperatures.

Since the F-S transition with f>1 is found to be a gen-
eral feature in the MGFLs, the next question relates to the
chemical origin of the F-S transition in the MGFLs. Based
on recent findings in various glasses,m”xs’38 it can be inferred
that the F-S transition could be associated with a polyamor-
phic transition. For example, a previous study has demon-
strated a pressure-induced transition between two distinct
amorphous polymorphs in a CessAl;s glassy metal, ie., a
crossover from a low-density glass to a high-density glas&35
The large density difference observed between the two
polyamorphs is attributed to their different electronic and
short-range atomic structures, in particular, to the Ce—Ce
bond shortening associated with the 4-f electron
delocalization.” The pressure-induced bond shortening
could also occur in the glasses studied in this work, since
these glasses contain the rare earth elements Gd, Pr, and Sm
that exhibit a 4-f delocalization effect. The CessAlys glassy
metal, in which the polyamorphic transition was observed,
exhibits a pronounced F-S transition, as shown in Fig. 2(b).
As implied in the previous work,'®'? glasses exhibiting a
pressure-induced polyamorphic transition also display a F-S
transition in dynamics, implying that the structural arrange-
ment in the MGFLs at 7> Ty is significantly different from
that of the corresponding glasses and/or the supercooled lig-
uids near 7. In other words, the F-S transition is a dynamic
transition accompanied by the occurrence of polyamorphism.
This may be the chemical basis for the presence of two con-
straint hardening mechanisms as in Eq. (7). The phenomenon
of polyamorphism has also been observed and clarified
in numerous amorphous materials such as water,*®
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yttria—alumina,%mx and chalcogenides.w It should be pointed
out that although the polyamorphic transition in the vitreous
state occurs gradually, the transition in supercooled liquids is
abrupt and reversible.”® According to a recent studym an
order-disorder transition occurs in a Zr-based system when it
is heated from a glass through the supercooled liquid region
to the liquid state above Ty It has been shown that bulk
glassy metals often exhibit an entropy just barely higher than
that of the crystal.m In the strong high-viscosity liquid, both
short-range and medium-range order must exist, which can
be destroyed by increasing the temperature leading to a much
more fragile liquid with higher configurational entropy. In
contrast to most oxide systems, where the order-disorder
transition occurs gradually with increasing temperature, the
MGEFLs exhibit an abrupt transition under an applied pres-
sure. The medium-range order in glassy metals is formed by
placing the icosahedral short-range ordered clusters on icosa-
hedral lattice."’

Moreover, it has been found that the F-S transition is a
dynamic anomaly coupled with a thermodynamic anomaly,
e.g., the existence of an isochoric heat capacity (C,) maxi-
mum in the middle of the F-S transition region.'® The C,
maximum implies a rapid but continuous crossover in the
thermodynamic properties of the liquid. To establish whether
or not such a thermodynamic transition also occurs in the
MGEFLs, it would be essential to measure the heat capacity
data of MGFLs both in the glass transition region and in the
high T region above Tjq. It is known that the configurational
relaxation is more cooperative in strong systems than in frag-
ile systems. Therefore, we postulate that there should be a
jump in the cooperative degree of structural relaxation dur-
ing the F-S transition. According to Angell,4 there are two
kinds of F-S transitions: one with an excess heat capacity
(AC,) peak between T, and T, and another with a AC,, peak
above T,,. The former one is often linked to poor glass-
formers, e.g., water, and amorphous solids such as Si and Ge.
The latter F-S transition is associated with a high glass-
forming ability, such as in BeF, and SiO,. Thus, the rela-
tively poor glass-forming ability of MGFLs indicates that the
F-S transition in these systems should be accompanied by a
AC, peak between T, and T,,. Whereas silica and water are
anomalous among other oxides, the F-S transition appears to
be a general phenomenon in MGFLs. The MGFLSs also share
another property with water, viz., a low liquidus viscosity of
approximately 107> Pas, leading to rather poor glass-
forming ability.

V. CONCLUSIONS

All of the MGFLs under study exhibit a striking fragile-
to-strong transition. The extent of the fragile-to-strong tran-
sition can be quantified by the transition factor f, which de-
pends on the chemical nature of MGFLs. Our observations
imply that the fragile-to-strong (F-S) transition might be a
general dynamic feature of all MGFLs. We have proposed a
new viscosity model for F-S liquids with two relaxation
mechanisms. Our findings imply that the F-S transition is
intrinsic to strong liquid systems as a relaxation mode of
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higher entropy and higher activation barrier becomes domi-
nant at some high temperatures for these systems.
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Recently, we observed an unusual non-monotonic glass relaxation phenomenon, i.e., the three-step
sub-T; relaxation in hyperquenched CuZrAl glass ribbons [L. N. Hu and Y. Z. Yue, Appl. Phys.
Lett. 98, 081904 (2011)]. In the present work, we reveal the origin of this abnormal behavior by
studying the cooling rate dependence of the sub-7; enthalpy relaxation in two metallic glasses. For
the CuyeZrasAlg glass ribbons the sub-7,, enthalpy relaxation pattern exhibits a three-step trend with
the annealing temperature only when the ribbons are fabricated below a critical cooling rate. For the
LassAlsNiag glass ribbons the activation energy for the onset of the sub-7, enthalpy relaxation also
varies non-monotonically with the cooling rate of fabrication. These abnormal relaxation phenomena
are explained in terms of the competition between the low and the high temperature clusters during
the fragile-to-strong transition. By comparisons of chemical heterogeneity between CuysZrssAlg and
LassAlysNiyg, we predict that the abnormal relaxation behavior could be a general feature for the HQ

metallic glasses. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803136]

I. INTRODUCTION

Part of the difficulty in understanding the nature of metal-
lic glass-forming liquids (MGFLs) is due to the crystalliza-
tion problem in the temperature range, i.e., in the “no-man’s
land” prior to the glass formation upon cooling.! To over-
come this difficulty, the hyperquenching (HQ) strategy is of-
ten used to arrest the structure of the supercooled liquid at
a temperature well above the glass transition temperature,
and subsequently annealing is done to let the arrested struc-
ture relax again in a controlled manner.>* By comparisons
in thermal scanning curves between bulk and HQ amorphous
thin films, the intermediate martensitic transformation with-
out phase separation has been detected in the shape mem-
ory alloy with a composition of Zrsy s9Cug s6Nijogs (at.%).*
Similarly, using the hyperquenching-annealing-calorimetric
scanning approach, it has been found that the slow S relax-
ation also occurs in MGFLs, which has higher motion fre-
quencies than the « relaxation.” The relaxation studies of the
HQ glasses during reheating are also helpful for understand-
ing the “liquid landscape.”® Such studies provide access to
some particular regions, where properties or relaxation mech-
anisms in supercooled liquids vary on very short time scales
above T, e.g., to the crossover region of the mode coupling
theory”® and the well-known merging region of the  and
slow B relaxations.>’

In previous studies, it has already been known that the
sub-T, enthalpy relaxation pattern (ERP) of the HQ glass
ribbons (e.g., FeNiP, AINiCe, CuZr) is featured by a mono-

@ Author to whom correspondence should be addressed. Electronic mail:
hulina0850 @mail.sdu.edu.cn

tonic increase in the onset temperature Tone With increasing
the annealing temperature 7,.'">"'> This monotonic tendency
in thermodynamics is expected since increasing 7, leads to
the release of more excess enthalpy in HQ glass ribbons to
reach lower energy states and become more stable. Our re-
cent work, however, observed a different relaxation pattern,
i.e., the three-step sub-T, relaxation in HQ CuZrAl glass
ribbons.'* Interestingly, in a certain temperature region, Topse
and Hypeat decrease unexpectedly with the increase in 7.
This abnormal three-step relaxation pattern was seldom re-
ported in metallic glass ribbons investigated previously. Now
the questions arise: Is this non-monotonic three-step relax-
ation related to thermal history? Or is it only specific for
CuygZrygAly and CuysZrysAlyy metallic glasses? We noticed
that in previous studies the quenching conditions of the HQ
glass ribbons were often ignored. How does the cooling rate
of fabrication influence the sub-7, ERP of HQ glass ribbons?
How does such influence depend on the chemical nature of
materials? The answers to these questions will be crucial
for clarifying the features of thermodynamic evolution of the
MGFLSs approaching the “no-man’s” land, then for further un-
derstanding their dynamic and thermodynamic properties in
the supercooled liquid region.

It should be mentioned that, in this unstable region, some
abnormal changes could occur, e.g., the fragile-to-strong
(F-S) transition.'>'® Both the experiments on viscosity and
the recent simulation work have indicated that the F-S tran-
sition takes place in MGFLs during cooling towards the
glassy state.'”?" Although the possible thermodynamic evi-
dence (such as enthalpy or entropy) of the dynamic F-S tran-
sition has been proposed,”' systematic studies for such rela-
tion are still lacking due to the high tendency of MGFLs to
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crystallization during cooling. In this work, we attempt to
find out whether there is a relation between the abnormal
three-step sub-7; relaxation and the dynamic F-S transition
in MGFLs. We explore the sub-T; ERP of fresh CuysZrysAlg
glass ribbons with different fictive temperatures. We also ex-
amine whether the abnormal sub-7, ERP occurs in other
metallic glass ribbons. By considering the abnormal evolu-
tion of the activation energy during slowing down of MGFLs,
we provide the thermodynamic evidence for the dynamic F-S
transition. Finally, we discuss the effect of the chemical fea-
tures of metallic glasses on the sub-T; ERP.

Il. EXPERIMENTAL PROCEDURES

The CuysZrssAlg and LassAlysNiyg HQ glass ribbons
were selected as the objects of this study. According to our
previous work,"* the CuysZrysAlg HQ glass ribbons could ex-
hibit the three-step sub-T, ERP. This glass system was used
to study the influence of the cooling rate of fabrication on the
abnormal ERP. As a comparison, Lass AlysNiy) HQ glass rib-
bons were investigated by changing the cooling rate in order
to find the origin of the abnormal thermodynamic evolution.
The master alloys were prepared by melting the elemental
metals with purities ranging from 99.9%-99.999% in an arc
furnace under argon atmosphere. The HQ glass ribbons used
for this study were fabricated by the single copper roller melt-
spinning technique under high-purity argon atmosphere. The
master alloys were re-melted using the high-frequency induc-
tion technique and rapidly solidified into continuous ribbons
at different circumferential velocities. Since the spinning ve-
locity is proportional to the cooling rate that the glasses un-
dergo, it is used as a measure of the cooling rate hereafter.

The HQ glass ribbons were annealed in nitrogen gas
(99.9%) at various temperatures below T, for 1 h. To mea-
sure the enthalpy response of glass ribbons, the calorimet-
ric measurements were performed using the Netzsch DSC404
calorimeter with high-purity standard platinum pans under
a constant flow of high-purity argon, using pure indium
(99.999% mass percent) and zinc (99.999% mass percent)
standards and a sample mass of 20 £ 0.5 mg. All the DSC
measurements were conducted in a flowing (30 cm’/min) ni-
trogen gas. To obtain the standard glasses, all the HQ rib-
bons were held at 303 K for 5 min and were upscanned to a
temperature slightly above the glass transition temperature at
20 K/min and then cooled at 20 K/min. The standard glasses
used in the present work refer to the samples subjected to
the standard cooling rate of 20 K/min. The T, values of the
standard CuyeZrssAlg and Lass AlysNiyy samples are 695 and
473 K, respectively. To determine the heat capacity curve of
a sample, both baseline and reference sample (here sapphire)
were measured.

For the HQ samples (fresh or annealed), the fictive tem-
perature 7y is an important value, since it is the temperature at
which a supercooled liquid is frozen in during cooling.’>?
Figure 1 shows the isobaric heat capacity C, curves of an
annealed HQ sample (Cp;) and the standard glass (Cp,) for
CuyeZrysAlg, from which the Ty value can be determined. Ac-
cording to the enthalpy-matching method,? the value of Ty
of the annealed sample can be determined by making area A
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FIG. 1. Isobaric heat capacity (Cp) versus temperature () for the annealed
CuyeZraeAlg glass ribbons (Cpy) and the standard glasses (Cp2). Cp and Cpg
are, respectively, the liquid and the glass heat capacities. Topset is the temper-
ature, at which the release of the remnant excess energy starts, and Teq is the
temperature, at which Cp; = Cpa. The shadow areas (A and B) are used to
determine 77 using the enthalpy-matching method.

equal to B. The area A means the remnant excess enthalpy of
the glass ribbons relative to the standard glasses, denoted by
Hiepn. It can be expected that a high cooling rate will cause
larger A, and hence a higher Tt. During the annealing proce-
dure, the T} of the glass ribbons decreases due to the release
of the remnant excess enthalpy of the sample, i.e., due to the
decrease in the area A. For the standard glasses, the 7y and the
Ty values are expected to be equal. The detailed calculation of
Tt has been described in Refs. 9 and 23.

The activation energy (Eonset) for the onset of the excess
enthalpy release during thermal scanning for the fresh glass
ribbons can be calculated from the equation®

In® = —Eonset/RTonset.o + Const, (1)

where R is the gas constant and ® is the scanning heating
rate. Tpeera, as shown in Fig. 1, is the onset temperature of
releasing the remnant excess enthalpy of the quench during
heating by @, i.e., the temperature where DSC trace changes
from “going up” to “going down.” For each measurement to
determine the value of Ep, the fresh glass ribbons were di-
rectly heated through the glass transition region at ® of 5, 10,
20, 30, 40 K/min, respectively. The largest measure tolerance
was 1 K. Therefore, the value of E,, for each sample was
determined from the slope of In® vs. 1/T, .

All the ribbons were measured using the x-ray diffrac-
tion (XRD) method under the conditions: Cu K« radiation,
graphite monochromator, 40 kV, 100 mA, the scattering an-
gle 26 in the range 5°—80°, and the temperature error of +2
K. The XRD results indicate that the sub-7}, annealing did not
change the amorphous nature of the glass ribbons.

lll. RESULTS AND DISCUSSIONS

A. The evolution of sub-T, ERP with cooling rate
for CugeZrasAlg

Figure 2 shows the C,, curves for the HQ CuysZrssAlg
glass ribbons cooled at 49 m/s and subsequently annealed at
different temperatures (7;,) well below T, for 1 h. A distinct
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FIG. 2. The isobaric heat capacity (Cp,) versus temperature (7) for the
CuyeZraeAlg glass ribbons cooled at 49 m/s, exhibiting the effect of the an-
nealing temperature (7;,) on the sub-7y, relaxation pattern (the energy release
behavior) for the duration of 1 h. The shaded area is the endothermic pre-peak
of curve D relative to curve H.

exothermic peak is observed in each of the curves when T}, is
well below 633 K, indicating that the remnant excess enthalpy
in the HQ samples relative to standard glasses is released dur-
ing reheating. This energy recovery is followed by the glass
transition peak. The presence of these two peaks (exothermic
and endothermic) in Fig. 2 is the same as those observed in the
normal HQ glasses reported previously.'*' It is noticed that
the value of Topse, for each G, curve shifts to the high tem-
perature with increasing 7,, exhibiting a positive monotonic
trend (shown in the inset). Ty is the temperature, at which
some structural domains in glass ribbons start to lose their ex-
cess potential energy. Thus, the Tonser ~ T, relation in Fig. 2
could be attributed to the fact that a viscous slowing down is
caused by an increase in the stability of microstructures (or
in the correlation length) upon cooling towards 7. The sub-
T, ERP of the CuysZrysAlg sample cooled at 49 m/s agrees
with that observed in the “normal” HQ glass ribbons,”'%-13
whereas it contrasts to the three-step ERP observed in the HQ
CuygZragAly and CuysZrysAlyg glass ribbons.'*

When the cooling rate is decreased from 49 to 35, 25,
and 17 m/s, the ERPs of the HQ CuysZrssAlg samples vary
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as shown in Figs. 3(a)-3(c), respectively. The anomaly of the
sub-T, relaxation behavior is reflected by the dashed curves
in Fig. 3. For T, < 583 K (curves A-D in Fig. 3(a)), Tonser in-
creases monotonically with 7,. The former is about 40-50 K
higher than the latter. But when 7}, is increased from 583 to
603 K (curves D-E), Toyse decreases abruptly down to 590 K.
For T, > 603 K, T increases again with T, (curves F-I).
Such a three-step relaxation pattern, i.e., the breakdown of
the monotonic trend, is also seen in Figs. 3(b) and 3(c). This
suggests that structural changes in the HQ glass ribbons take
place during annealing, which results in energy release (i.e.,
enthalpy recovery) from some structural domains during the
subsequent DSC upscanning. The breakdown of the mono-
tonic trend can be characterized by the critical annealing tem-
perature T, ., at which the T, ~ T relation varies from a
positive to a negative trend. In the insets of Fig. 3, it is seen
that 7, is the same (about 583 K) for both the 35 K/s sample
and the 25 m/s sample, and it is about 603 K for the 17 m/s
sample. This indicates that the 7, value is only slightly de-
pendent on the 7} of the fresh glass ribbons.

In Fig. 2, an endothermic pre-peak appears for each curve
(A-E) relative to curve H (see the shaded area of curve
D). However, there are no endothermic pre-peaks on both
curve E in Figs. 3(a) and 3(b) and curve F in Fig. 3(c). The
origin of the endothermic pre-peaks has been discussed in
literature.'>2>2% According to it, the anomaly of the dashed
curves indicates that during annealing some microstructures
with fast relaxation exhibit the tendency to reach high energy
states relative to the rest of glass, and then return to the lower
energy states during DSC upscan. Thus, the loss of the en-
dothermic pre-peak of the dashed curves accords with what
the abnormal T, ~ T relation suggests.

By comparisons between Figs. 2 and 3, it is clear that
the cooling rate has a strong impact on the sub-7, ERP of
the fresh glass ribbons. When the cooling rate is decreased
from 49 to 17-35 m/s, the Hy, ~ T, relation becomes a
non-monotonic one. In order to further reveal the anomaly
of the sub-7} relaxation, we explore the 7t dependence of the
remnant excess enthalpy of the samples, Hyp, for the start-
ing material cooled at 49 and 25 m/s (Fig. 4). It should be
noted that the T} in Fig. 4 refers to the fictive temperature
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FIG. 3. The isobaric heat capacity (C) versus temperature (7) for the three HQ CuyeZryeAlg samples annealed at different temperatures (7,) below 7y for 1 h.
The three fresh samples were hyperquenched at (a) 35 m/s, (b) 25 m/s, and (c) 17 m/s, respectively. Insets: the relationship between the onset temperature of
the exothermic peak (Tonse) and the annealing temperature (7). For the curves without an exothermic peak, the peak temperature of the glass transition is used

as Tonger in the insets.
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FIG. 4. Ty dependence of the remnant excess enthalpy, Hrem, for the
CuyeZrysAly samples cooled at 49 m/s and 25 m/s, respectively. The cap-
itals near the curves correspond to those in Figs. 2 and 3(b), respectively.
Shaded area: the critical fictive temperature range (Tf¢), in which the abnor-
mal sub-T; ERP occurs.

of both the fresh HQ and the annealed HQ samples, which
was determined using the enthalpy-matching method.” For
the 49 m/s sample, H,., exhibits a monotonic increase with
temperature as is generally expected. When the liquid struc-
ture of CuyeZraeAlg is frozen in at 25 m/s, giving a Ty value
of 863 K, the H,, ~ Tt relation is manifested as a three-
step fashion. An abnormal increase in H,.y, takes place in the
25 m/s sample in the critical fictive temperature range (77)
between 815 and 828 K. This suggests that the microstruc-
tures in CuyeZraeAlg supercooled liquids tend to be different
between 910 and 863 K. The structural evolution for the su-
percooled CugeZryAlg liquid at 863 K (i.e., at the Tt of the
fresh sample cooled at 25 m/s) is discontinuous during cool-
ing and this might be attributed to the first-order phase tran-
sition. The latter has been observed in a monoatomic ideal
metallic glass former.”” By using a molecular dynamics ap-
proach the discontinuous change of enthalpy with tempera-
ture has also been confirmed for the CuZr supercooled liquid,
which involves the F-S transition. '’

Origin of Fragile-to-Strong Transition

285

TABLE 1. The Tpy,0 values for the HQ glass ribbons cooled at different
rates and the correlation factors representing the linear fitting quality of the
relationship between In® and 1/T 50,0 in Eq. (1).

Tonser,e £1 K
Cooling Correlation
rate 5 K/min 10 K/min 20 K/min 30 K/min 40 K/min  factor
25 m/s 367 378 381 390 401 0.994
35 m/s 370 375 383 388 399 0.992
44 m/s 368 375 383 387 394 0.997

B. Evolution of sub-Ty ERP with cooling rate
for LassAlzsNizg

Figure 5 shows the release of the remnant excess enthalpy
in the HQ samples relative to the standard sample during the
DSC upscan, which is reflected by the exothermic peak prior
to the glass transition peak. With increasing 7, the exother-
mic peak tends to gradually diminish, leading to a decrease
of Tt. The monotonic relation between Hyep,, and 7} is consis-
tent with that between Ty and T, as shown in the inset of
Fig. 5(a). However, the monotonic Typsey ~ T, relation is
disrupted by sample E (annealed at 423 K) as shown in
Figs. 5(b) and 5(c). It is noticed in Fig. 5(a) that there is a dis-
tinct endothermic pre-peak on curve E relative to curve F (for
the standard glass). Such a pre-peak does not exist on curve E
in Figs. 5(b) and 5(c). As has been discussed for CuysZrycAlg
(see Fig. 3), the loss of the endothermic pre-peak hints the ex-
istence of the three-step relaxation pattern in the Lass AlysNiag
samples cooled at 35 and 44 m/s. However, the three-step
H.,, ~ Ty relation is not observed in these samples.

To further probe the three-step T, ~ Tonse; relation in the
LassAlysNiyg HQ samples, we determine the activation en-
ergy Eonsets 1.€., the energy barrier to be overcome for the en-
ergy release during thermal scanning. It is generally accepted
that the increasing structural correlation length with high acti-
vation energy contributes to slowing down of the liquids upon
cooling. This means that the more slowly cooled glass rib-
bons should have higher activation energy for structure relax-
ation during reheating. Table I shows the 7., values of the
fresh HQ glass ribbons cooled at different rates. According to
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FIG. 5. The isobaric heat capacity (Cp) versus temperature (7) for the three HQ LassAlpsNizg samples annealed at different temperatures (7,) below T, for
1 h. The three fresh samples were hyperquenched at (a) 25 m/s, (b) 35 m/s, and (c) 44 m/s, respectively. Insets: the relationship between Tonser and T),. For the
curves without an exothermic peak, the peak temperature of the glass transition is used as Typser in the insets.
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FIG. 6. The Tt dependence of the activation energy for the onset of the excess
enthalpy release of the Lass AlpsNing sample relative to that of the standard
glass. The activation energy for the standard sample is taken from Ref. 28.
The dashed line is the guide for eyes. The dotted line represents the generally
expected trend. Shaded area: the critical fictive temperature range (7yc), in
which the abnormal decrease in Egpgeq OCCUrs.

Eq. (1), the activation energy E,ns has been calculated and
its relationship with 7} for the fresh glass ribbons is plotted in
Fig. 6. It is shown that E,. for the 44 m/s sample (T
=612 K) is 107 & 5 kJ/mol, which is close to the activation
energy for the slow f relaxation in LassAlysNis.” This im-
plies that the slow g relaxation has been frozen in at 44 m/s,
and is dominant at the beginning of the energy release dur-
ing the subsequent DSC scan. By reducing the cooling rate
to 35 m/s, Eonse increases as expected with a decrease in
T;. However, the negative relationship between 7} and Epge
breaks down when the 7; value is below 591 K, and at
Ty = 573 K, Egnse falls down to 87 kJ/mol. The abnor-
mal decrease in the activation energy suggests that the struc-
ture in supercooled liquids around 573 K is less stable than
that above 591 K, and an abrupt structural change occurs
in the temperature region of 573-591 K. The sudden drop
of the stability of the LassAlysNiy) supercooled liquid ac-
cords with the abnormal increase in Hy, with T, observed
in Fig. 4. The three-step trend shown in Fig. 6 verifies that the
LassAlysNipg glass has the same abnormal relaxation behavior
as the CuyeZryAlg glass. Close to the T range of 573-591 K
(see the shaded area), where the abnormal relaxation behav-
ior takes place in the LassAlysNiy supercooled liquid, our
previous x-ray diffraction experiments have revealed a dis-
tinct abnormal change of the pre-peak in the HQ Lass AlysNip
glasses.”

C. Correlation between the thermodynamic anomaly
and the F-S transition

As shown in Figs. 4 and 6, for both the CussZrysAlg
and LassAlysNiy glass ribbons there is a temperature region,
in which the structure of the supercooled liquids abruptly
changes. This change could be attributed to the F-S tran-
sition, which is found to be a general dynamic feature of
MGFLs."> -1 According to the previous work,'> 1”1 the
F-S transition is due to the competition between two compo-
sitionally identical liquid phases that differ from each other
only in density and structure.'” Such a phenomenon, known
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as polyamorphism, can be induced by changing pressure or
temperature. Considering that the clusters with the dense and
efficient packing are the basis of the structural model of metal-
lic systems, it is reasonable to use “clusters” to characterize
the “liquid phase” of MGFLs. Therefore, both the discontinu-
ous change in H,y, and the sudden drop of E,,,, observed in
the present work could be related to the temperature-induced
transition from the high temperature (HT) to the low tempera-
ture (LT) clusters upon cooling. Besides, some of the LT clus-
ters are even less stable than the HT clusters. This scenario
could explain why the glass ribbons with different initial 7
values relax in different manners although they are annealed
at the same temperature. For sample A cooled at 49 m/s (see
Fig. 4), only the HT clusters are frozen in, which controls the
subsequent relaxation during cooling. In contrast, for sample
A cooled at 25 m/s (see Fig. 4), the LT clusters have strong
tendency to form in the liquid, and then the following ther-
modynamic relaxations of the frozen glasses are attributed to
choosing locally between HT and LT clusters. When the con-
tribution of the LT clusters to the enthalpy relaxation becomes
more dominant than that of the HT clusters, the critical Tt
range depicted by the shaded area in Figs. 4 and 6 will be
present.

If the above scenario is correct, it would be expected that
when the liquids are frozen in below T, the thermodynamic
evolution of the fresh glasses will be mainly controlled by the
evolution of the LT clusters, resulting in the disappearance of
the abnormal three-step ERP. Figure 7 shows the sub-T; ERP
and the crystallization behaviors of the CuueZrseAlg glass rib-
bons cooled at 12 m/s, for which the T} is about 804 K. In
Fig. 7(a), it is observed that contrary to the three-step 7, de-
pendence of Toneer, the Toneer increases monotonically with
T,, similar to the trend shown in Fig. 2. The glass transition
peak is considerably affected by the sub-T, annealing. This
indicates that different from the HT clusters, the LT clus-
ters frozen in glass ribbons are involved in the « relaxation
(or glass transition peak). Moreover, two crystallization peaks
have been observed in Fig. 7(b) in the 12 m/s sample. In con-
trast, for the 17-49 m/s samples, only one crystallization peak
is present and almost independent on 7, (inset of Fig. 7(b)).
All these facts imply that the clusters around 804 K are dif-
ferent in structural nature from those at higher temperatures.
Another phenomenon worthy to be noticed is that in Fig. 7(b)
the second crystallization peak, which is larger than the first
peak, disappears when the annealing temperature reaches
633 K. Accompanied with this disappearance, the area of the
first crystallization peak becomes larger, keeping the position
unchanged. This phenomenon indicates the following two as-
pects. Firstly, some of the LT clusters that contribute to the
second crystallization peak are unstable. Secondly, the LT
clusters are more structurally heterogeneous than the HT clus-
ters, since the two crystallization peaks, rather than one peak,
have been observed in the glass ribbons at 12 m/s. This obser-
vation accords with the prediction by the two-order-parameter
model and Jagla’s model,’*? according to which the prob-
ability of locally choosing between two (or more) environ-
ments becomes larger at LT.

Although the difference in the liquid structures be-
tween HT and LT has been verified in Fig. 7, the detailed



Reprint 13-2: Origin of Fragile-to-Strong Transition

287

0.7
Ta (K) cooling rate: 12m/s Exo o cooling rate: 12m/s
A as-abr |
0.6 }-B 543 720
C 573 680 —~
T D53 % o/EF = 1 S
oL Eel3 A0 £ :
"D 05| gy "~ G0f B e !
- Pt t [593 W
o G 633 560 S | g[esk (s
(@] g < "
> 5 H
0.4 of & i
o ;
0n 2 | cooling rate: 25m/s '
03 = 700 750 800 850 (b)
i 1 1 1 1 1 1 1 T 1 1
450 500 550 600 650 700 300 450 600 750 900
TaK T.K
FIG. 7. The DSC curves for the HQ CuysZrs6Alg glass ribbons ched at 12 m/s. (a) Infl of the ling temperature (7y) for 1 h on the sub-T; EPR.

Inset: T, dependence of the onset temperature (Tonset) of the sub-Ty ERP (on the Cp—T curves). (b) Influence of the annealing temperature (7;) for 1 h on the
crystallization peaks (on the DSC output-T curves). Inset: crystallization behavior of the samples quenched at 25 m/s for a comparison.

information concerning how the competition between the LT
and HT clusters contribute to the abnormal relaxation pro-
cess is still lacking. The energy landscape could be helpful
for understanding this problem. It is known that the polyamor-
phism related to the F-S transition is attributed to visitations
to distinct metabasins on the potential energy surface.” Ac-
cording to the minimalist landscape model that captures two-
stage relaxation process, the three-step relaxation process ob-
served in the present work might be obtained by embedding
the metabasins inside a larger-scale metabasins.** The influ-
ence of the tradeoff between the entropic and enthalpic driv-
ing forces on relaxation processes has been revealed by using
this minimalist landscape model. During cooling there is a
probability for the system to be in the metabasin where the
degeneracy is high, although this metabasin has higher inher-
ent structure enthalpy than other metabasins.* This could be
areasonable scenario for explaining the non-monotonic 7 de-
pendence of H,., in Fig. 4. The different degeneracies of the
metabasins might be one of the keys towards understanding
the dynamics of glass forming systems.

Figure 8 shows the F-S transition of the LassAlysNiag
liquid in terms of the relationship between viscosity (n) and
T, /T. The two dashed curves were obtained by fitting the ex-
perimental viscosity data to the Mauro-Yue-Ellison-Gupta-
Allan (MYEGA) equation for both low and high temperature
regions, respectively.’> The solid curve was obtained by fit-
ting the viscosity data over the entire range of temperature to
the following extended MYEGA equation:'”

1
T [Wyexp (=) + Waexp (—2)]
(2)

logn = logne +

where C; and C, correspond to two constraint onsets reflect-
ing different structural mechanisms (weighted by W, and W,
respectively). Although the physical meaning of the param-
eters in Eq. (2) needs further clarification, the basic idea of
the equation is related to two competing local structures: the
HT clusters (i.e., fragile term) and the LT clusters (i.e., strong
term). According to Eq. (2), the characteristic temperature,

Tt.s, can be calculated from the equations:
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W exp ~T = Wsexp 77 s
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where the temperature Ty is a quantitative measure to char-
acterize the transition region, in which the fragile and the
strong terms tend to be equal. As shown in the fragility plot
(Fig. 8), the Ty/Ti ratio is calculated to be 0.765, slightly
smaller than T,/T;,. (0.800-0.825), at which the activation en-
ergy Eonser drops as shown in Fig. 6. The difference between
the two values agrees with the expected one, since, according
to Fig. 8, the contribution from the LT clusters responsible for
the strong term becomes dominant, rather than equivalent to
that from the HT clusters, when T decreases to Ty.. This
difference is also applicable to the CuysZrseAlg MGFLs. It
has been found that for CuZr MGFLs there is a crossover
of the temperature dependence of diffusion coefficient from
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FIG. 8. Fragility diagram of the LassAlysNiyg liquids. Dashed lines: fits
of the viscosity (1) data for both low and high temperature regions to the
MYEGA equation.*> Solid curve: fit of the viscosity data to Eq. (2). g
refers to the temperature where the fragile and the strong terms have an equal
time scale during the F-S transition.
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non-Arrhenius to Arrhenius behaviour when T,/T is 0.769,"
and an abnormal increase in the sub-T, ERP is observed in the
present work around 0.841 of Ty/T;.. Notice that the values of
Ty, for both CuyeZrssAlg (Fig. 4) and LassAlysNiyg (Fig. 6)
are around 1.27y, close to the temperature, at which the cor-
relation length has an abnormal maximum found by the theo-
retical simulation work.>*37 It was also reported that the un-
usual cluster expansion occurs around 1.27; in the PANiCuP
MGFLs during cooling,*® which has been regarded as the ev-
idence of the F-S transition.*

D. Influence of chemical heterogeneity
on the three-step sub-Tj relaxation

As discussed above, the three-step relaxation pattern has
the same origin as the dynamic F-S transition. This implies
that like the F-S transition the abnormal ERP could also
be a general feature of MGFLs. However, it is noticed that
the distinct abnormal enthalpy increase with increasing the
Ty, ie., with decreasing the annealing degree, observed in
CuyeZrasAlg (Fig. 4) is not detected in LassAlysNia. In this
case, the drop in Eqns; With decreasing the cooling rate, i.e.,
decreasing the T; of the fresh sample (Fig. 6), implies the
existence of the F-S transition. This phenomenon could be
associated with the chemical or structural heterogeneities in
supercooled liquids. As is known, the CusyZrsy liquid con-
tains the Cu-centered clusters with the maximum packing
efficiency, which are beneficial to GFA.*’ Adding a small
amount of Al atoms into Cus¢Zrsy can enhance the tendency
to form Al-centered clusters in liquids.*' Considering that the
enthalpy of mixing between Cu and Al is only —1 kJ/mol,
much smaller than that among other elements in CussZrasAlg,
both types of clusters (Cu-centered and Al-centered) could
competitively exist in CugsZrssAlg supercooled liquids. The
existence of this kind of heterogeneity has been verified by
the complicated formation of phases in the CuZrAl glass
composites, as well as the existence of two glass transition
processes.*>*3 The weak affinity between Cu-centered and
Al-centered clusters, as well as the distinct difference between
Cu and Al atoms, could contribute to a large enthalpy dif-
ference between the HT and the LT clusters. In accordance
with it, Fig. 7(b) indicates that the LT clusters are more het-
erogeneous than the HT clusters. In the LassAlysNiyy su-
percooled liquid, the enthalpy of mixing among elements is
rather negative (from —22 to —38), resulting in strong affin-
ity among the elements. Taking the similarity between Al and
Ni atoms into account (for example, both types of atoms can
form symmetric metallic compounds), the chemical and struc-
tural properties of the Al-centered and the Ni-centered clus-
ters should be similar.”® This chemical or structural homo-
geneity in Lass AlysNiyg leads to the similarity of enthalpy be-
tween the LT clusters and the HT clusters. As an evidence,
LassAlysNiyo exhibits the smallest extent of the F-S transi-
tion among the investigated MGFLs.!” The extent of the F-S
transition, denoted by f, refers to the difference in fragility be-
tween the equilibrium (HT) and the supercooled (LT) liquids.
This confirms the similarity between LT and HT clusters in
LassAlysNiy, and therefore, the common chemical origin of
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the abnormal enthalpy change with 7} and the dynamic F-S
transition in MGFLs.

IV. CONCLUSIONS

The influence of the cooling rate on the sub-7, enthalpy
relaxation behavior has been studied for the HQ CuysZrssAlg
and LassAlysNiyy glass ribbons. Abnormal three-step relax-
ation pattern with respect to the fictive temperature has been
detected in both types of glasses. This abnormal relaxation
behavior is found to be a thermodynamic evidence of the dy-
namic fragile-to-strong transition, which is determined by the
competitions between the LT and HT clusters in MGFLs. The
abnormal relaxation behavior could be a general feature for
the HQ metallic glasses, and its presentation is closely related
to the chemical or structural heterogeneity in supercooled lig-
uids. The hyperquenching-annealing strategy is proven to be
a powerful tool providing the insights into the thermodynamic
source of the F-S transition.
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