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Metallic glasses are non-equilibrium materials and the glass transition temperature upon heating Tg,h can
be used to characterize the kinetic stability of the glass. Annealing below the glass transition is well-
known to induce relaxation processes that reduce the glass enthalpy. We demonstrate that a liquid-
cooled Au-based metallic glass can achieve very high kinetic stability by an optimal annealing treat-
ment to yield a large increase in Tg,h of 28 K; this is 3e5 times larger than the increase usually reported.
The measured enthalpy decrease of 1100 J/mol is about 50% of the difference between the as-cooled glass
and the equilibrium crystalline state and reaches the extrapolated enthalpy of the supercooled liquid.
The optimal annealing conditions can be determined by an enthalpy-temperature-time (ETT) diagram
which is proposed for the first time based on the comprehensive examination of relaxation processes. At
equilibrium, a direct relation is established between the increase in kinetic stability as measured by the
increase in Tgh and the enthalpy decrease.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Metallic glasses exhibit excellent physical and chemical prop-
erties, such as soft magnetic properties, good catalytic perfor-
mance, high strength and good corrosion resistance [1e4].
However, as a result of their far-from-equilibrium nature, the
properties of metallic glasses change with time as they relax to-
wards low energy states. Increasing the kinetic stability of metallic
glasses would extend their utility to higher temperatures. It has
been found that the kinetic stability of glasses can be increased by
using vapor deposition fabrication methods [5e11]. Vapor-
deposited glasses can achieve low enthalpy and high kinetic sta-
bility as indicated by a long transformation time and an increase in
Tg,h (glass transition onset temperature measured on heating)
[5e8,10e13]. Fast molecular/atomic mobility on the surface during
deposition is believed to allow access to stable low energy states
[5,6]. However, vapor deposition methods cannot be used to pre-
pare bulk materials. An efficient approach towards bulk metallic
glasses with high kinetic stability and low enthalpy has yet to be
developed. An advance along these lines would not only supply
important new materials, but also would provide a critical set of
pezko).
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comparisons with vapor-deposited ultrastable glasses and be
helpful for exploring fundamental issues regarding amorphous
materials.

It is well known that annealing glasses below the glass transi-
tion temperature can cause relaxation towards the equilibrium
supercooled liquid. In this structural relaxation process, typically
the kinetic stability increases while the enthalpy decreases. For
example, Zhu et al. found that 7 � 105 s annealing at 0.89Tg,h can
increase Tg,h by about 8 K with an enthalpy decrease of about 23 J/g
for Zr52.5Cu17.9Ni14.6Al10Ti5 [14]. Kohda et al. found that 4.2 � 105 s
annealing at 0.97Tg,h can increase Tg,h by about 7 K with an enthalpy
decrease of about 3 J/g for Pt60Ni15P25 [15]. Haruyama et al. found
that 6 � 105 s annealing at 0.94Tg,h can increase Tg,h by about 13 K
with an enthalpy decrease of about 5.5 J/g for Pd42.5Cu30Ni7.5P20
[16]. In other cases however, the enthalpy decrease that occurs
during annealing is not accompanied by an increase in kinetic
stability. For a Pd42.5Cu30Ni7.5P20 metallic glass, it was found that
annealing for short times (<200 s) could lower both the enthalpy
and the kinetic stability [16]. An Au49Cu26.9Ag5.5Pd2.3Si16.3 metallic
glass exhibited no obvious change in Tg,h while the enthalpy
decreased by about 3.7 J/g when annealed at 0.77Tg,h for one year
[17]. A 20-million-year-old amber glass exhibited no obvious
change in Tg,h while the enthalpy decreased about 26 J/g [18]; in
contrast, 110-million-year-old amber exhibits a 15 K increase in Tg,h
with an enthalpy decrease of only about 8 J/g [19]. The annealing
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Fig. 1. (a) A representative Flash DSC trace upon heating (red) and cooling (blue). The
heating rate is 1000 K/s and the cooling rate is 6000 K/s. Upon heating, the glass
transition temperature (Tg,h), crystallization temperature (TX), crystallization enthalpy
(HX), melting temperature (Tm), and melting enthalpy (Hm) can be determined. Upon
cooling, the onset glass transition temperature (Tg,c) can be determined. (b) The HX of
the samples cooled at various cooling rates (R). The lowest cooling rate to obtain fully
amorphous sample is defined as the critical cooling rate (Rc), which is about 1000 K/s.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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effect on kinetic stability (i.e. increase of Tg,h) has not been studied
sufficiently to understand this range of behavior. We expect that
there are opportunities to increase the kinetic stability of metallic
glasses by optimizing the annealing protocol.

Calorimetry has been a very effective method in measuring the
phase transitions in glassy materials. A recently developed nano-
calorimetor commerciallized by Mettler-Toledo, Flash DSC 1, ex-
tends the heating rates up to 40,000 K/s and cooling rates up to
10,000 K/s [20e22]. The capability of heating so fast provides
chances to observe some abnormal phase transition behaviors and
studying the extreme kinetics of phase transition materials
[8,23e26]. The capability of cooling so fast makes it possible to
obtain glasses from liquids with poor glass-forming ability, such as
metallic glasses, and study their thermal properties in situ [27,28].
Such an emerging powerful technique will provide chances to
explore new materials and new properties of existing materials.

In this work, we studied the kinetic and thermodynamic char-
acteristics of a liquid-cooled Au49Cu26.9Ag5.5Pd2.3Si16.3 metallic
glass (Au-MG) annealed for various times at temperatures in a
range between 0.78Tg,c and Tg,c (Tg,c is the onset glass transition
temperature upon cooling) using Flash DSC. The annealing time
was varied across more than six orders of magnitude in these ex-
periments. From a comprehensive examination of the temperature-
and time-dependent behaviors, an enthalpy-temperature-time
(ETT) diagram is obtained for the first time to show how the
annealing temperature is combined optimally with the annealing
time. Under optimal annealing a relation is established between the
increase in kinetic stability and the decrease of glass enthalpy.

2. Experimental methods

Metallic glass ribbons with nominal composition of
Au49Cu26.9Ag5.5Pd2.3Si16.3 (at.%, a bulk glass former [29]) were
prepared using an inductionmelter equippedwith a spinning roller
protected under an atmosphere of high-purity Ar gas. The tangent
speed of the roller is 25 m/s. The thickness of the ribbon is about
30 mm and the width is about 2 mm. The thermal properties of the
alloy were studied using a high-rate differential scanning calo-
rimeter (Flash DSC 1, Mettler Toledo) [22]. During measurement, a
flow of N2 gas (15 ml/min) was applied to protect the sample from
oxidation. The allowable sample mass for Flash DSC is between
10 ng and 1 mg. A representative Flash DSC trace in a cooling and
heating cycle is shown in Fig. 1(a). The melting enthalpy of the
tested sample is about 9.95 ± 0.36 mJ. The specific melting enthalpy
of the melt-spun Au-based MG is measured to be 40.2 ± 0.4 J/g
using a Perkin Elmer Diamond DSC at a heating rate of 40 K/min.
Thus, the mass of the Flash DSC sample is determined to be
9.95 � 10�6/40.2 g¼ (248 ± 9) � 10�9 g [(1.95 ± 0.07) x 10�9 mole].

To determine the critical cooling rate (Rc) for suppressing the
crystallization upon cooling, various cooling rates were applied and
the crystallization enthalpy (Hx) on subsequent heating was
measured. For the sample cooled at high enough R, the Hx becomes
a constant (about 7.4 mJ), which means the sample is completely
amorphous. The Rc range is determined to be 900e1100 K/s, as
shown in Fig. 1(b). In subsequent experiments, a cooling rate of
6000 K/s (>Rc) was employed to obtain completely amorphous
samples. The Tg,c was determined to be 439 ± 1 K for cooling rates
between 2000 K/s and 10,000 K/s.

To study the stability of samples annealed at different temper-
atures and for various times, cycles of cooling-annealing-heating
were applied for the same sample. A schematic figure illustrating
one cycle of the above experimental procedure is shown in Fig. 2(a).
A corresponding DSC heat flow trace is also shown in Fig. 2(b).

The alpha relaxation time (ta) at different temperatures was
measured using two methods. At temperatures below 420 K, the
time for the glass to relax to the supercooled liquid state is treated
as equal to the ta [18]. At temperatures above 420 K, the ta was
measured using an ac DSC measurement with a temperature
oscillation amplitude of 1 K and a frequency range from 50 Hz to
1000 Hz. For a given frequency (1/t0), the temperature was scanned
from 408 K to 468 K. At low temperature, the sample responds as a
glass with a low heat capacity, while at high temperatures, the
sample responds as a liquid with a large heat capacity. The tem-
perature where the sample transforms from a glass-like to liquid-
like behavior at the given oscillation period t0 is recognized as
the temperature where ta ¼ t0/2p.

To determine the glass-to-liquid transition time (ttrans) for a
glass in a low energy state, the temperature is first raised to the
destination temperature (at 6000 K/s) and then held isothermally.
During isothermal annealing, ac DSC measurement (amplitude:
1 K) was applied to determine the time when the glass transforms
completely to a liquid. The isothermal ac method was used to
measure the ttrans at temperatures of 428 K, 433 K, 438 K and 448 K.
The data at about 460 K were measured by heating the metallic
glass continuously at 1000 K/s. The peak temperature of the Cp
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Fig. 2. (a) Schematic illustration for the isothermal annealing experiments. The melt
was first cooled fast (6000 K/s) to the destination temperature (Ta, e.g. 373 K), held
isothermally for some time (ta ¼ 0.05~105 s), cooled to room temperature (298 K), held
isothermally for 2 s, and then heated again at 1000 K/s up to melting temperature to
measure the glass transition and crystallization of the annealed sample. (b) Repre-
sentative Flash DSC traces measured in above procedure. This sample was annealed at
373 K for 30,000 s.
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overshoot is about 460 K and is treated as the transition tempera-
ture. The time from the onset to the endset of the overshoot is
treated approximately as the ttrans.
Fig. 3. (a) Heat capacity, Cp, for the samples annealed at 373 K (¼ 0.85Tg,c) for various
times (0~105 s). The onset glass transition temperature (Tg,h) and crystallization (TX)
are marked by arrows. The Tg,h increases by 28 K from 424 K to 452 K after being
annealed for 105 s. (b) The enthalpy of annealed samples. (c) The relative enthalpy of
annealed samples obtained by subtracting HC.
3. Results

Representative DSC curves of the heat capacity (Cp) for samples
annealed at 373 K for various times are shown in Fig. 3(a). As the
annealing time increases, the Cp overshoot at the glass transition
increases and the glass transition onset temperature (Tg,h) also in-
creases accordingly with a maximum increase of 28 K. The Cp and
crystallization temperature (Tx) of the supercooled liquid do not
change which denotes that the supercooled liquids are in the same
equilibrium state and the annealed glasses are fully amorphous.
The enthalpy of the sample [including that of the glass (HG), the
liquid (HL) and the crystal (HC)] is obtained by integrating the heat
capacity, as shown in Fig. 3(b). The HL is fitted using a polynomial
equation, HL ¼ �25.8 þ 0.093T�6.2 � 10�5T2þ3 � 10�8T3 [with HL
in kJ/mol and T in K, see the orange solid curve (in the web version)
in Fig. 3(b)]. The HC is fitted by a linear equation,
HC¼�13.2þ 0.038T [withHC is in kJ/mol and T in K, the black dash-
dotted line in Fig. 3(b)]. To more clearly show the change of HG with
annealing, HG is presented relative to HC in Fig. 3(c). The enthalpy of
the glass decreases gradually upon annealing until it reaches
halfway to the enthalpy of the equilibrium crystalline state.

The enthalpy change (DH) of the metallic glass during annealing
is shown versus the annealing temperature and time in Fig. 4. First,
to measure the DH dependence on temperature (T), the sample was
annealed at various temperatures for a constant time, as shown in
Fig. 4(a). For a given annealing time, DH reaches a minimum at a
temperature (Tmin) below Tg,c. The Tmin decreases as the annealing
time increases. Although the DH on the low temperature side de-
creases systematically, it does not keep decreasing on the high
temperature side, but merges into a single curve when the
annealing time is long enough. In addition, to measure the



Fig. 4. (a) The enthalpy decrease (DH) for glasses annealed at different temperatures
for fixed times. (b) The DH for the glasses annealed at 5 representative temperatures
(343, 358, 373, 388, and 403 K) for various times. The solid curves in (a) and (b) are
plotted as guides. (c) The enthalpy of fully-relaxed glasses (solid symbols) falls onto the
extrapolation of the supercooled liquid enthalpy (orange curve). The temperature-
dependent enthalpies of the fully-relaxed glasses measured on heating are shown as
solid curves. The enthalpy of the as-cooled glass measured on heating (black curve) is
shown for comparison. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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dependence of DH on annealing time, the sample was annealed for
various times at a given temperature, as shown in Fig. 4(b). For
example, at 403 K, DH initially decreases with increasing annealing
time and then becomes constant.
It is noteworthy that DHmerges on the high temperature side in

Fig. 4(a) and becomes constant when the annealing time is long
enough in Fig. 4(b). The enthalpies of these fully-relaxed glasses are
shown as the filled symbols in Fig. 4(c). All these data are consistent
with the extrapolation of the enthalpy of the supercooled liquid
fromhigher temperatures. This indicates that the lower limit on the
right-hand side (orange curve) in Fig. 4(a) and the long-time pla-
teaus in Fig. 4(b) represent the equilibrium supercooled liquid. As
shown in Fig. 4(a), the maximum loss in enthalpy in a given time
occurs at temperatures where the sample does not reach equilib-
rium. The optimal combination of annealing temperature and
annealing time for obtaining the lowest enthalpy glass is deter-
mined by both the relaxation kinetics and the position of the
metastable equilibrium state. Analogous results have been ob-
tained for vapor-deposited glasses; in this case, substrate temper-
ature corresponds to annealing temperature and deposition rate
corresponds to the inverse of the annealing time [10e12].

To provide a conceptual picture of the evolution of enthalpy
during annealing, 2-dimensional and 3-dimensional plots of DH
versus annealing temperature and annealing time are shown in
Fig. 5. Upon annealing, the enthalpy of the glass decreases due to
physical aging. When the annealing time is long enough, the
enthalpy becomes constant which represents the equilibrium
supercooled liquid (ESL) state. The time for the glass to relax to the
ESL increases with decreasing temperature. The ESL state is meta-
stable and the samples will eventually crystallize. We note that
many previous investigations have annealed glasses isothermally
to obtain the crystallization temperature-time-transformation
(TTT) diagram to evaluate glass forming ability. However, less in-
formation has been obtained about what happens during the
isothermal annealing process before crystallization. Fig. 5(b) shows
that the sample experiences two stages before crystallization: the
first is a nonequilibrium relaxation stage (glass) and the second is a
metastable equilibrium stage (extrapolation of supercooled liquid).

The determination of alpha relaxation time (ta¼ 0.0032 s) using
ACmeasurement is shown in Fig. 6(a) and (b). The determination of
the isothermal glass-to-liquid transition time (ttrans) at 428 K for the
highly stable glass that equilibrated at 373 K is shown in Fig. 6(c)
and (d). The ta and the ttrans for the glasses equilibrated at 373 K
and 388 K are shown in Fig. 6(e). For a given temperature, the ttrans
is much larger than ta, which denotes a high kinetic stability. Ac-
cording to Tool-Narayanaswamy-Moynihan (TNM) model [30], the
isothermal time evolution of fictive temperature (Tf, the cross
temperature of the glass enthalpy and liquid enthalpy) or glass
enthalpy (H) following a single temperature step from equilibrium
(T0) at time t1 can be described using a relaxation function

Tf ðtÞ ¼ T0 þ DT½1� fðt � t1; tÞ� (1)

where t is relaxation time at temperature T0 þ DT, T0 is the tem-
perature of the initial equilibrium state, f(t � t1, t) is both a non-
exponential and a nonlinear function which can be expressed as

fðt � t1; tÞ ¼ exp

2
64�

0
B@Zt

t1

dt0=t0

1
CA

b375 (2)

where 0<b � 1; a smaller b denotes a broader distribution of the
spectrum of relaxation times. The relaxation time t0 is given as



Fig. 5. (a) The 3-dimensional plot of enthalpy decrease (DH) versus isothermal annealing time (logarithmic) and annealing temperatures. (b) The 2-dimensional contours of the DH.
Each contour (from red to blue) represents a 50 J/mol decrease. From lower-left to upper-right, the diagram can be divided into two zones before crystallization: the nonequilibrium
glass state and the metastable equilibrium supercooled liquid state. The dashed curve shows the optimal annealing temperatures to achieve the lowest enthalpy for a given
annealing time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) The ac measurement of the a-relaxation time (ta ¼ t0/2p ¼ 0.0032 s). At each temperature (from 408 K to 468 K), 5 oscillation periods were measured. The heat flow
amplitude (D _Q) is proportional to the heat capacity (Cp). (b) The D _Q is shown versus the temperature. The temperature where ta ¼ t0/2p¼ 0.0032 s is determined to be about 430 K.
(c) The measurement of glass-to-liquid de-aging transition time (ttrans) at 428 K using ac method; this sample had been annealed for 105 s at 373 K. (d) The ttrans is determined to be
about 0.88 s according to the evolution of D _Q which is proportional to the heat capacity. (e) The ta (black filled triangles) and ttrans versus temperature for the highly stable glasses
equilibrated at 373 K (red filled stars) and 388 K (blue open stars). The curves are the TNM fitting results. (f) The Angell plot of ta versus Tg/T determines the fragility of the
Au49Cu26.9Ag5.5Pd2.3Si16.3 glass forming liquid to be about 49. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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t0 ¼ A exp

"
x
Dh
RT

þ ð1� xÞ Dh
RTf

#
(3)

where A, x (0 � x � 1), and Dh are constants, and R is the gas
constant. A is the extrapolated time according to the Arrhenius
equation representing the characteristic time at infinite high tem-
perature. The x partitions the material dependence between tem-
perature and structure (Tf). The Dh is the activation enthalpy for the
relaxation process and expresses the temperature dependence of
the relaxation time for the linear regime close to equilibrium:

Dh ¼ RlimTf/T

�
vln t0

vð1=TÞ
�
≡R

vln t0e

vð1=TÞ (4)

where t0e is the characteristic relaxation time in the equilibrium
state and is equal to the ta shown in Fig. 6(f). The value of A and Dh
can be determined from Fig. 6(f) as A ¼ 10�51 ± 1 s and
Dh ¼ 395 ± 8 kJ/mol. The kinetic fragility m of the glass-forming
liquid is determined to be about 49 ± 1 according to the Angell
plot of ta, as is shown in Fig. 6(f) [31].
Fig. 7. (a) The DSC traces for the samples annealed at 358 K for short times (�100 s), in
which both Tg,h and enthalpy decrease upon annealing. (b) The DSC traces for the
samples annealing at 358 K for long times (�100 s), in which the Tg,h increases while
the enthalpy decreases upon annealing. (c) The Tg,h versus the enthalpy change (DH)
for samples annealed at various temperatures. The arrows mark the maximum change
of Tg,h and DH at each annealing temperature. When annealing at low temperatures, i.e.
358 K, the Tg,h will first decrease and then increase when enthalpy decreases upon
annealing. The curves are plotted to guide eyes.
4. Discussion

During isothermal annealing, the nonequilibrium glass always
relaxes towards the equilibrium supercooled liquid state. The
relaxation can be divided into two types: the aging when HG > HL
and the de-aging when HG < HL [18,32]. The isothermal transition
time (ttrans) from glass to liquid is related to the alpha-relaxation
time (ta, the rearrangement time of atoms or molecules in the
equilibrium state). That is, ttrans � ta for aging, and ttrans > ta for de-
aging [18]. Upon heating, the ordinary glass that was quenched
directly from a liquid will transform quickly into liquid when its
enthalpy meets that of the supercooled liquid, which denotes that
the ttrans is comparable to ta. A typical character of ultrastable
glasses is that the ttrans is much longer than the ta in the de-aging
state [33], see Fig. 6(e). The glass equilibrated at 388 K has a smaller
ttrans compared to the glass equilibrated at 373 K, which denotes a
smaller kinetic stability and is consistent with the higher enthalpy
of this glass. The ttrans of the Au-MG equilibrated at 373 K is about
102-104.2 higher than ta, which is similar to that reported for vapor-
deposited ultrastable glasses, although for the most stable vapor-
deposited glasses these results were obtained for larger values of
ta [33]. The ttrans values can be well fitted using the TNM model
[30], as shown by the solid curves in Fig. 6(e). The fitting parame-
ters are determined to be b¼ 0.45, x¼ 0.5 for the glass equilibrated
at 373 K, and b ¼ 0.7, x ¼ 0.6 for the glass equilibrated at 388 K. The
glass in equilibrium at 373 K exhibits a stronger dependence on the
fictive temperature Tf and is less dependent on temperature (the
parameter x in Eq. (3) is smaller) compared to the glass in equi-
librium at 383 K, which also denotes higher stability.

The increase of kinetic stability (e.g. higher Tg,h) combined with
the decrease in enthalpy has been widely observed in vapor-
deposited ultrastable glasses [5e7,10e13]. However, the quantita-
tive relationship between kinetic stability and enthalpy has not
been systematically investigated for bulk metallic glasses. It is
valuable to examine the relation between Tg,h and enthalpy for the
present annealed metallic glass. The Tg,h is plotted versus the glass
enthalpy change (DH) for the samples annealed at various T and for
various times, as shown in Fig. 7. When the annealing temperature
is well below Tg,c, e.g. 358 K, the Tg,h will first decrease along with
the decrease of enthalpy upon annealing which can be found in
Fig. 7(a) and other works [17,34]. For further annealing, the Tg,h
increases along with the decrease of enthalpy, which can be found
in Fig. 7(b). When the annealing time is long enough, the depen-
dence of Tg,h on DH tends to merge with the data that annealed
slightly below Tg,c. When the annealing temperature is slightly
below Tg,c, the Tg,h will increase along with the decrease of enthalpy
upon annealing. There exists a maximum value for the increase of
Tg,h and the decrease of enthalpy, as is marked by the arrows in
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Fig. 7(c); this occurs when the sample reaches the equilibrium
supercooled liquid state. These values of Tg,h have a linear relation
with DH with a slope of about dTg,h/dH ¼ -29.7(±0.5) mol.K/kJ.

It is interesting to note that the kinetic stability decreases (Tg,h
decreases) while the thermodynamic stability increases (enthalpy
decreases) for short-time annealing at low temperatures. Such
behavior has also been observed in another Pd-based metallic glass
and has been associated with volume dilatation during short-time
annealing at low temperatures [16]. This can be elucidated in terms
of the two-components model that includes positive as well as
negative fluctuations in local density [16]. Such a decrease in
enthalpy has been attributed to the slow-b relaxation [17,34],
which derives from local rearrangements of atoms. However, when
the glass gets to equilibrium after a long-time annealing at low
temperatures or being annealed close to glass transition tempera-
ture, the a-relaxation (universal rearrangement of nearest-
neighbor structure) takes over. Thus, we propose that the a-relax-
ation process causes an increase in kinetic stability and decrease in
enthalpy, while the slow-b relaxation can only induce a decrease in
enthalpy.

Annealing glasses below the glass transition temperature has
been widely studied and has been applied to release the residual
stress [14,16,35e38]. A large increase in Tg,h by about 13 K was
observed in polymer glasses [35,36]. However, the change of Tg,h for
metallic glasses is usually less than 10 K [14,15,32,37,38], which was
attributed to the low fragility of the glass forming liquid [9]. The
large increase inTg,h by 28 K obtained here is about 3e5 times larger
than previously reported values for metallic glass relaxation. As is
shown in Fig. 4(a), if the annealing temperature (Ta) is too high, the
small enthalpy difference between the as-cooled glass and the
equilibrium supercooled liquid limits the increase of kinetic sta-
bility. As is shown in Fig. 7, if the annealing temperature is too low,
short-time annealing (ta << ta) can decrease the glass enthalpy but
will not increase Tg,h, which can be attributed to the heterogeneous
nature of slow-b relaxation [18,17,39]. To obtain the largest increase
in stability at a given annealing time (ta), the optimal annealing
temperature for this Au-MG is 6e10 K lower than the temperature
where ta ¼ ta. The optimal annealing curve can be expressed by the
VogeleFulchereTammann equation as Ta ¼ 274 þ 132/log(ta), as is
shown by the dashed curve in Fig. 5(b). Using the optimal annealing
method, we also obtained high kinetic stability starting from the
as-spun ribbon, as shown in Fig. 8. Thus, the high stability can be
attributed to the optimal combination of annealing temperature
and annealing time, regardless of the sample fabrication method.
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Fig. 8. DSC traces of the glass transition behavior of the as-spun ribbon, the ribbon
annealed at 373 K for 105 s (annealed ribbon), the sample cooled in-situ at 6000 K/s
using Flash DSC (as-cooled F-DSC sample), and the sample annealed in-situ at 373 K for
105 s (annealed F-DSC sample). The curves have been shifted vertically for comparison.
When fabricating ultrastable glasses using vapor deposition,
elevated atomic mobility within the surface layer (several nano-
meters) plays a key role in promoting the rearrangement of atoms
to approach their equilibrium configurations [6,40e42]. Vapor
deposition is very inefficient for fabricating thick samples or bulk
glasses. In contrast, the melt-spun Au-MG samples studied here
have a thickness of about 25 mm. The optimal annealing method
identified in this paper is not limited to ribbons but is also appli-
cable for liquid-cooled bulk metallic glasses. The heating rate
dependence of the Tg,h for a highly stable glass is also studied, as is
shown in Fig. 9. Compared to a less stable glass, the Tg,h for the
highly stable glass exhibits the same heating rate dependent
behavior. This denotes that the large increase of Tg,h by 28 K
observed in this work does not derive from the heating rate effect.
5. Conclusion

We have demonstrated that liquid-cooled metallic glasses can
be fabricated with very high kinetic stability (e.g., high Tg,h). In
order to achieve high kinetic stability from liquid-cooled glasses,
the optimal combination of annealing temperature and annealing
time is of vital importance. The relationship between the glass-to-
liquid transition temperature/time and enthalpy states has been
studied systematically. We propose that the a-relaxation process
causes an increase in kinetic stability and decrease in enthalpy,
while the slow-b relaxation can only induce a decrease in enthalpy.
A linear relationship is established between the increase in kinetic
stability as measured by the increase in Tgh and the enthalpy
decrease for the equilibrated glasses. While these results are spe-
cific to this Au-basedMG,we expect that similar increases in kinetic
stability can be obtained for many other metallic glasses and that
this can widen the temperature range for applications.
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