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Achieving identical glassy state through different thermal paths
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ABSTRACT The enthalpy relaxation and recovery processes
of an Au-based metallic glass model were studied using high-
precision nanocalorimetry. The glassy states after isothermal
and isochronal annealing were compared, and it was revealed
that the relaxation peaks for slightly and isochronally an-
nealed glasses were narrower compared with slightly and
isothermally annealed glasses, although they have the same
enthalpy. This reveals a typical thermal history-dependent
behavior. Interestingly, when the glasses were heavily an-
nealed, the relaxation peaks of both isothermally and iso-
chronally annealed glasses became identical, denoting no
relation to thermal histories. Further relaxation kinetics stu-
dies revealed that dependence on thermal paths occurred in
the B-relaxation stage, while the glassy states became identical
when the a-relaxation stage was reached regardless of the
thermal paths. This is attributed to the ergodic characteristic
of cooperative atomic motions during the a relaxation. The
difference between f and a relaxations in dependence on an-
nealing paths is helpful for precisely controlling the glass
properties.

Keywords: glassy state, thermal paths, relaxation kinetics, a re-
laxation, P relaxation

INTRODUCTION

Glasses are materials with disordered atomic packing structures
and nonequilibrium thermodynamic characteristics. Based on
potential landscape theory, glasses comprise plenty of local
structures with different energy states [1-4]. Thus, obtaining
two identical glasses is difficult, although the fabrication process
is generally the same. Some researchers tried to eliminate the
thermal history of glass by annealing it before any tests or
applications [5-9]. When annealed close to the glass transition
temperature (T,), the glass reaches the supercooled liquid state
[10-12], which is in thermodynamic equilibrium but still in a
metastable state. This annealing process can be considered a
normalization process of the glassy state. That is, all the as-
prepared glasses reach the same state after being annealed at
temperatures close to Ty. This normalization method is universal
for annealed samples [6,13,14]. It is interesting to determine
when the memory of thermal histories is erased and whether it
occurs before or at the equilibrium state.

Enthalpy relaxation has a strong influence on the physical or
functional properties of glasses. For instance, the enthalpy
relaxation of Fe-based metallic glasses (MGs) releases residual
stress and enhances soft magnetic performance [15-18]. How-
ever, relaxing to the same energy state through different
annealing paths does not yield the same properties, implying
that the relaxation path is as crucial as the energy state [19-24].
It needs to be found whether the same glassy state can be
achieved through different annealing paths.

There are different types of relaxation kinetics during
annealing, such as a relaxation and B relaxation [2,25-27].
Generally, a relaxation depends on cooperative atomic motion,
while B relaxation is related to local structural rearrangements
[2,25,28-31]. In the annealing treatment, when the annealing
time is long enough, B relaxation gradually merges and even-
tually enters the a relaxation stage. During the P-relaxation
stage, the soft magnetism and hardness of glass can be con-
siderably enhanced, and during the o-relaxation stage, soft
magnetic properties change slightly, but its plasticity deteriorates
[32-35]. Meanwhile, two-step annealing activates the Kovacs
memory effect [36], which can improve the mechanical and
magnetic properties of MGs in comparison with single-step
annealing treatment [37,38]. Several studies have suggested that
the coupling of different relaxation kinetics or relaxation paths
plays a key role in glassy state evolution [39-43]. However, these
studies did not state how to obtain the identical normalized
glassy state through different annealing paths, and the under-
lying physical mechanism is still unclear.

In this work, the enthalpy evolution of a model MG (Auys-
Cupe9AgssPd, 3Siies, at%) [10,44-47] upon continuous cooling
and isothermal annealing was studied using high-precision flash
differential scanning calorimetry (DSC). The enthalpy value and
shape of the relaxation peak were used to characterize the glassy
state. Enthalpy represents the energy level of glass, which is a
crucial parameter, and the relaxation peak shape with the same
area (i.e., enthalpy value) represents the distribution of energy
states, which can reflect the influence of annealing paths. The
underlying mechanisms were studied and discussed.

EXPERIMENTAL SECTION

Sample preparation
Ingot with a nominal composition of AusCussoAgssPd3Siies
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(at%) was prepared through the arc melting of high-purity
constituent elements in a Ti-gettered high-purity argon atmo-
sphere. The ingot was flipped and remelted five times to obtain a
homogeneous master alloy. MG ribbons were prepared using a
single roller melt spinner operated under a circumferential speed
of 40 m s~

Flash DSC measurements

Nanocalorimetry experiments were performed using a Mettler
Toledo Flash DSC 1 with a mechanical pump refrigeration
system and nitrogen purge. A sample with dimensions of about
50 pum x 50 pm x 20 pm was cut from an MG ribbon and then
loaded onto the center of the chip sensor under an optical
microscope. All experimental data in this paper were acquired
from the same sample. The mass of the Flash DSC sample was
estimated from the melting enthalpy. The melting enthalpy of
the Flash DSC sample used in this study was about 19.45 pJ. The
specific melting enthalpy of the melt-spun Au-based MG is
40.2J g7! [10,45]. Thus, the mass of the Flash DSC sample was
determined to be 19.45 x 1079/40.2 g ~ 484 ng (3.82 x 10~° mol).
To examine the relaxation paths, the sample was isothermally
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Figure 1

annealed at 373, 379, 385, 391, and 397 K for various annealing
times (f,) and/or cooled from the initial temperature of con-
tinuous cooling (T = 403 K) to annealing temperature (T,) at
cooling rates of ¢ = 1, 2, 3, 5, 10, 20, 30, 50, and 100 K s™*, where
all T, and T, were below T,. The identical relaxation enthalpy of
the sample during cooling and isothermal annealing was deter-
mined by the evolution of the enthalpy change with the cooling
rate or annealing time. Four representative heating rates (Ry =
100, 200, 500, and 1000 K s™!) were used to estimate the acti-
vation energy of the relaxation processes.

RESULTS

Relaxation of the sample under two different annealing paths

In Fig. la, the sample underwent two different annealing paths,
namely, continuous cooling (D) and isothermal annealing (@),
to reach the same enthalpy state at temperature T,, and the
thermal protocols are shown in Fig. 1b. In the continuous
cooling process, the sample was cooled from the melt at 693 K
(liquidus temperature: Tp = 645 K) to T, = 403 K at a cooling
rate R. = 6000 K s™!, which is larger than the critical cooling rate
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(a) Schematic of continuous cooling and isothermal annealing paths in the enthalpy-temperature phase diagram. (b) Thermal protocols for

continuous cooling and isothermal annealing. (c) Flash DSC traces near the T, for the samples cooled from 403 to 385 K at different rates. (d) Flash DSC traces
of the sample relaxed at 385 K for various annealing times (t,). (¢) Relaxation enthalpy changes with the cooling rate (¢). (f) Relaxation enthalpy changes with

annealing time t, at T, = 385 K.
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(~1600 K's™), to obtain a fully glassy state [10,48,49]. The
sample was then cooled from T to T, at cooling rates of ¢ = 1, 2,
3, 5, 10, 20, 30, 50, and 100 K s™. For the isothermal annealing
process, the sample was cooled from 693 K to T, at a cooling rate
of R = 6000 K s7!, and then t, was gradually increased until the
relaxation enthalpy of the isothermal process was equal to that of
the continuous cooling process. Finally, the recovery process and
glass transition behavior for the relaxed glasses were measured
using Flash DSC at a heating rate of R, = 1000 K s™. The
relaxation peak during the recovery process was obtained by
subtracting the Flash DSC trace of the as-cooled glass from that
of the relaxed glasses, and the relaxation enthalpy was obtained
by integrating the corresponding relaxation peak.

Fig. 1c, d show the Flash DSC traces for the samples relaxed
upon continuous cooling from T; = 403K to T, = 385K and
relaxed upon isothermal annealing at T, = 385 K, respectively.
The height of the endothermic overshoots and the peak tem-
perature increases as the cooling rate decreases or the isothermal
annealing time increases. Thus, it was revealed that continuous
cooling and isothermal annealing have similar influences on
relaxation behavior and enthalpy state. Fig. le, f illustrate the
change in enthalpy versus the cooling rate (¢) of the continuous
cooling process and the annealing time of the isothermal
annealing process, respectively. The relaxation enthalpy (AH)
decreases monotonically with decreasing cooling rate and
increasing annealing time.

Comparison of the relaxation peaks in two annealing paths

As shown in Fig. 1a, the same enthalpy state can be reached by
continuous cooling and isothermal annealing, but the same
relaxation enthalpy does not represent the identical glassy state.
If we compare the relaxation peaks, the glasses relaxed to the
same enthalpy state through different thermal paths showing
distinct shapes, as shown in Fig. 2a. The comparison of heat

b0.03

flows of the glasses cooled to 385 K at six representative rates, ¢
=100, 50, 30, 10, 5, and 1 K s™', corresponding to the annealing
times, £, = 0.3, 0.6, 1.2, 4, 8, and 26 s, is given in Fig. 2a—f. For the
fast-cooling rates, ¢ > 30 K s7!, the relaxation peak of the con-
tinuously cooled samples is narrower and shows a higher peak
temperature than that of the isothermally annealed samples,
reflecting that the glassy states obtained by continuous cooling
and isothermal annealing are not identical. With decreasing
cooling rate and increasing isothermal annealing time, the
relaxation peaks become gradually identical, reflecting that the
influence of thermal histories disappears when the sample
reaches deep-relaxed states. This indicates that the dependence
of glassy states on annealing paths is different in different energy
states.

To analyze the dependence of glassy states on annealing paths
systematically, the full width at half maximum (FWHM) of
relaxation peaks was introduced and used along with the
enthalpy value to characterize the relaxation peak shapes.
FWHM is a key parameter reflecting the distribution of energy
states in the glass. Generally, a small FWHM of the relaxation
peak means a more homogeneous structure of glass [50,51].
Fig. 3a exhibits the definition of the FWHM and the relaxation
enthalpy of a relaxation peak. For all continuous cooling and
isothermal annealing processes, the FWHM decreases mono-
tonically with increasing relaxation enthalpy, as shown in
Fig. 3b-f. For slightly annealed glasses with the same relaxation
enthalpy, the continuously cooled sample has a relaxation peak
with a smaller FWHM than the isothermally annealed sample.
Along with decreasing enthalpy, the FWHM values of the
relaxation peaks from the samples with different thermal paths
become identical.

Activation energy of relaxations
The underlying mechanisms behind the differences of relaxation
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Figure 2 (a) Heat flow peaks of the sample isothermally annealed at T, = 385 K for ¢, = 0.3 s (blue) and cooled from 403 to 385 K at ¢ = 100 Ks™" (red).
(b) Heat flow peaks of the sample isothermally annealed at T, = 385 K for ¢, = 0.6 s (blue) and cooled from 403 to 385 K at ¢ = 50 K s™! (red). (c) Heat flow
peaks of the sample isothermally annealed at T, = 385 K for #, = 1.2 s (blue) and cooled from 403 to 385 K at ¢ = 30 K's™ (red). (d) Heat flow peaks of the
sample isothermally annealed at T, = 385K for f, = 4s (blue) and cooled from 403 to 385K at ¢ = 10 Ks™" (red). (¢) Heat flow peaks of the sample
isothermally annealed at T, = 385 K for f, = 8 s (blue) and cooled from 403 to 385K at ¢ = 5K s™! (red). (f) Heat flow peaks of the sample isothermally
annealed at T, = 385 K for t, = 26 s (blue) and cooled from 403 to 385K at ¢ = 1 Ks™! (red).
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Figure 3 (a) FWHM and the area of the relaxation peak (relaxation enthalpy, AH) are used to represent the glassy state. (b—f) Evolution of FWHM with AH
of isothermal and continuous cooling annealed samples. The red solid circle represents the sample annealed by the continuous cooling process, and the blue
square represents the sample annealed by the isothermal process. The dashed lines are plotted as a guide. The background color illustrates the transition from
distinct glassy (blue) to identical glassy states (red) through two annealing paths.
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Figure 4 (a) Kissinger plots of the relaxation peak temperatures (T}) for samples annealed at T, = 397 K for different annealing times #, = 0.1-1000 s. The
relaxation activation energy (AE) is determined by the slope. (b-f) Activation energy (AE) versus relaxation enthalpy (AH). The background color is adopted
from Fig. 3 to illustrate the transition from distinct glassy (blue) to identical glassy states (red) through two annealing paths.

relaxed glass. The relaxation activation energy increases from
80-100 to ~170 k] mol™ with decreasing relaxation enthalpy. At
the initial relaxation stage, AE is consistent with the activation
energy of B relaxation, that is, AEg =~ 26RT, (T; = 401K at
20 K min™!). For deep-relaxed samples, the estimated AE coin-
cides with that of a relaxation, as shown in Fig. 4b—f [9,44,52,53].
It is interesting to note that, compared with the data from Fig. 3,

peaks were investigated by studying the relaxation kinetics of
different relaxed glasses wusing the Kissinger method
([0ln(¢/T»))/[0(1/T,)]=—AE/R, where R and AE are the gas
constant and activation energy, respectively). Fig. 4a shows the
heating rate dependence of relaxation peak temperatures for
samples annealed at T, = 397 K for various times (#,). Linear
fitting by the Kissinger plot gives the activation energy of the

© Science China Press 2023
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Figure 5 (a) Schematic map of enthalpy changes during glass annealing. The black dash-dotted line indicates the boundary between equivalent and
nonequivalent peaks. (b, c) Evolution of atomic motions and the corresponding energy landscape. Each corresponding energy landscape is located below its
atomic motions. The orange atoms represent the local B relaxation region, while the red atoms represent the collective a relaxation region.

the glassy states yielded by different annealing paths merged
when the relaxation kinetics turned into the o relaxation stage.
Moreover, it should be noted that the relaxation modes defined
by Flash DSC are consistent with that measured by dynamic
mechanical analysis (see Fig. S1) and in previous studies
[46,54,55].

DISCUSSION
To understand the underlying mechanism for the thermal his-
tory-dependent behavior, the above difference between f
relaxation and a relaxation is illustrated in an enthalpy-tem-
perature diagram. Fig. 5a illustrates the trajectories for the
continuous cooling and isothermal annealing paths. The blue-
shaded area, which corresponds to the (B relaxation region,
represents the glassy state that is sensitive to annealing paths.
The red-shaded area, which corresponds to the a relaxation
region, represents the glassy states that are independent of
annealing paths. For instance, when the sample is cooled from
403 K to T, = 397, 391, 385, 379, and 373 K at a high cooling rate
of ¢ = 100 K s7/, the enthalpy relaxation kinetics remains in
relaxation, and the relaxation peaks are distinct from those from
the isothermally annealed samples. In contrast, when the sample
is cooled slowly at 1 K s, the enthalpy relaxation kinetics is in a
relaxation, and the relaxation peaks are identical to those from
the isothermally annealed samples. Thus, it is revealed that the
glassy states in the B-relaxation region are dependent on thermal
histories, while the glassy states in the a-relaxation region are
independent of thermal histories. In the energy landscape view,
this should be related to ergodicity during the energy evolution.
The collective a relaxation travels over a big barrier that is
ergodic to erase its historical state [10,56-60], while the local
relaxation can only overcome a small barrier that is nonergodic
and dependent on thermal histories. In terms of the energy
landscape, the continuous cooling process triggers different local
structures from high to low temperatures due to temperature-
dependent atomic motions [61]. The larger activation energy at
higher temperatures triggers collective atomic motions and leads
to a narrower FWHM, denoting a more homogenous structure,
as illustrated in Fig. 5b. However, the a relaxation with the
percolation of atomic motions activates ergodic motions, as
shown in Fig. 5c. Furthermore, the same test was applied to
(LagsCeos)esAli0Cuzs MG (see Fig. S2) and was observed to be
highly consistent with that of the Au-based MG.

The far-from-equilibrium nature of glasses provides a chance
to modulate their properties by changing their enthalpy state.

Intriguingly, this work demonstrates that although the enthalpy
state of glasses is the same, the distribution of microstates may
vary due to different thermal histories, particularly for the lightly
relaxed glasses. The FWHM is related to microstate distribution.
It is expected that the relaxation peaks in heat flows provide a
simple and reasonable signal to understand relaxation behaviors
not only from thermodynamic and kinetic viewpoints but also
from structural information.

CONCLUSIONS

The relaxation behaviors of MGs during continuous cooling and
isothermal annealing were studied systemically in the enthalpy
space. Glasses in the B-relaxation stage have a thermal history
memory characterized by nonequivalent heat flow peaks, while a
relaxation stage has an identical glassy state that is independent
of thermal paths. The findings extend heat flow to the structural
evolution of glassy states and enrich the meaning of relaxation
peaks besides the thermodynamic and kinetic information.
These results could facilitate the precise control of glass prop-
erties and the design of advanced properties.
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