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Ageing behaviors of metallic glasses are investigated by atomistic modeling in a broad range of processing
histories and thermal conditions. By employing an enhanced data-mining analysis, a non-monotonic ageing
phenomenon is resolved with high precision. It is observed that there exists a non-linear correlation between the
system’s metastability and the critical temperature where maximum ageing rate occurs. In further conjunction
with the recently developed energy landscape theory to circumvent the time-scale limitations of molecular
dynamics, the ageing rate contours over ten orders of magnitude are mapped out in the metastability-temperature space. Such map enables a natural explanation to the experimentally observed shift of exothermic
signal, which cannot be provided by existing models. Implications of the present study for understanding the
mechanical properties of amorphous alloys are also discussed.

1. Introduction:
The disordered nature of atomic packing, metastability and other
related aspects endow metallic glasses with several unique features that
suggest applications in high strength materials [1–3], for wear and
corrosion protection [4,5], radiation resistance [6], catalysis [7],
magnetism [8], and electronics [9,10]. As inherently non-equilibrium
systems, metallic glasses exhibit physical ageing, which critically depends on the processing histories [11–15] and in turn impacts the
system’s emergent properties. Moreover, the thermal and mechanical
behaviors of metallic glasses are often coupled with each other, and
experiments show that a sample with more pronounced exothermic
signal during thermal scanning may have better ductility [16]. Unfortunately, a fundamental knowledge pertaining to the relaxation
processes in metallic glasses, i.e. their ageing/rejuvenating behavior
and interplay with surrounding environment, still remains elusive. For
example, Slipenyuk and Eckert have noted [17] that the significant shift
of exothermic peaks in their differential scanning calorimetry (DSC)
experiments cannot be correctly captured by existing models.
In the present study, we employ atomistic simulations to study the
annealing behavior of metallic glasses at various temperatures and
thermal processing histories. By utilizing an enhanced data-mining

⁎

statistical algorithm, we are able to construct a high-resolution pixel
map of the relaxation behavior for various environments. Significantly,
we can resolve the clear phenomenon of non-monotonic ageing, and the
temperature corresponding to the maximum ageing rate shows a nonlinear dependence on the system’s processing history (i.e. relaxation
level). We demonstrate that the complex ageing behavior can be
quantitatively attributed to the energy imbalance along with the elementary hopping processes in the potential energy landscape (PEL). In
further conjunction with the recently developed PEL-based rate theory
[18], we are able to map out the system’s ageing rate contour lines
across multiple orders of magnitude and naturally explain the shift of
exothermic peaks mentioned above. More specifically, the nature of
broad activation energy (EA) spectrum in disordered solids would result
in a T-dependent average < EA > . At low temperature <
EA > becomes smaller, which leads to a boosted ageing behavior and
consequently a noticeable exothermic behavior as observed in experiments. Without invoking free fitting parameters, the present study thus
enables a mechanistic and predictive understanding towards the nonequilibrium evolution in amorphous solids.
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Fig. 1. Thermal protocols of MD simulations. System is firstly equilibrated at 2000 K and then annealed to 0 K with different cooling rates. Samples at different IS
energy states are then annealed under isothermal condition with different temperatures, and the energy variation curves during the annealing processes are
monitored.

2. Materials and methods
To examine the annealing behaviors of metallic glasses at various
conditions, we follow a two-stage protocol in MD simulations illustrated
in Fig. 1. First, the high-temperature equilibrated metallic liquid
(Zr44Cu56) is quenched to 0 K at a controlled cooling rate (ranging from
0.01 K/ps to 10 K/ps); then in the second stage, the sample is pumped
to and held at an elevated temperature (ranging from 500 K to 850 K)
for 10 ns, during which the energy variation is monitored. By tuning the
cooling rates in stage I, and the temperatures in stage II, we can investigate the system’s annealing behavior at various initial stability and
thermal conditions. It is known that the properties of disordered materials are largely controlled by their inherent structures (IS) [19–21],
i.e. the local minima in the PEL. Therefore, instead of focusing on the
total energy of the system, in stage II we only focus on the variation of
IS energy by removing the kinetic energy. To be more specific, during
MD annealing simulations the system’s instantaneous configurations
are recorded every 50 ps. The IS are then obtained by minimizing those
configurations to local minima in the PEL, and the corresponding potential energy are the EIS to be monitored in this study. More details can
be found in Appendix A1.

Fig. 2. IS energy variation curves of a sample constructed from 10 K/ps cooling
rate. This sample was annealed in the 500–850 K temperature range, and an
apparent non-monotic behavior is observed. Inset: schematic illustration of
statistical treatment to acquire energy evolution rate from annealing curves.

3. Results

the overall ageing rate obviously becomes smaller. Therefore, there
must exist a critical temperature, where the ageing rate reaches its
maximum. In Fig. 2 we only show the results of one sample to avoid the
plot being overcrowded. We remark that all other samples qualitatively
exhibit a similar annealing behavior although as will be discussed
below, the quantitative maximum ageing rate temperature varies in
different samples in a complex manner.
To better understand annealing behavior described in the preceding
paragraph, it is critical to quantify the ageing rate for various environments. It is clear from Fig. 2 that the ageing rate of the system is
highly non-linear and very sensitive to both the IS energy level and the
temperature. Therefore, to precisely quantify the ageing rate we should,
in principle, prepare a large number of samples at different IS energy
states and anneal them at many different temperatures. This would,
however, be computationally too expensive. Here, we introduce an

3.1. Non-monotonic ageing phenomenon.
Following the aforementioned protocol, in Fig. 2 we show the IS
energy variation curves at different temperatures for a sample that was
prepared at the 10 K/ps cooling rate. All the curves collapse in the
beginning because, at t = 0, the relaxation has not started yet. As can be
seen, the IS energy continuously decreases for all these conditions,
suggesting that the sample undergoes an ageing behavior in the investigated temperature regime. On the other hand, the ageing rate
evidently shows a non-monotonic dependence on the temperature. For
example, in the regime from 500 K to 750 K by increasing the temperature, the IS energy drops to a deeper level within the same amount
of time, suggesting a larger ageing rate; while by further increasing the
temperature to 850 K, the annealing curve becomes much flatter and
2
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Fig. 3. (a) Pixel map of energy variation rate in EIS—temperature space. Blue and red regimes correspond to ageing and rejuventaing behaviors, respectively. The
black dash line denotes the critical temperatures where system reaches the maximum ageing rate at a certain energy level; while the open yellow circles are the
retrieved steady state, where dEIS/dT = 0. (b) IS energy variation rates along 5 horizontal scans at different energy levels denoted in (a). Positions of maximum
ageing rate and ageing/rejuvenating transition are marked by the triangles and circles, respectively.

enhanced statistical treatment illustrated in the inset of Fig. 2, which
enables a more efficient data mining process. To be more specific, we
calculate the slopes of neighboring data points in each individual E(t,T)
annealing curve. For example, the slope between the n th and n + 1 th
points can be calculated as (En+1 − En)/(tn+1 − tn), and this is essentially the ageing rate dEIS/dt at the prescribed temperature T and IS
energy level (En+1 + En)/2. Following such an algorithm, each neighboring pair would provide an effective entry of ageing rate in the EIS—T
space, and by considering all the neighboring pairs for all the annealing
curves, the statistics are significantly enhanced. While in the raw data
only a series of discrete temperatures are considered, such enhanced
statistics allows us to map the scattered entries into a quasi-continuum
contour plot by using the thin-plate spline (TPS) interpolation method.
More details may be found in Appendix. A2.
The obtained pixel map of the ageing rate, dEIS/dt, is shown in
Fig. 3(a), where each pixel is colored according to the log-scaled
magnitude of the ageing rate. In the blue regime, dEIS/dt is negative and
the system undergoes a normal ageing behavior; while in the red regime, dEIS/dt becomes positive and the system, in fact, undergoes a
rejuvenating behavior. The transition boundary between the two regimes, in other words where the system stays in steady-state dEIS/
dt = 0, is marked by the open yellow circles. Another important observation is that, a non-monotonic ageing behavior can be clearly resolved in the pixel map. In other words, if we gradually increase the
temperature while keeping the IS energy level fixed, then the ageing
rate will firstly increase and then decrease, reaching a maximum value
prior to the ageing/rejuvenating transition temperature. Fig. 3(b)
shows the results along 5 such horizontal scans at different energy levels indicated in Fig. 3(a), and the positions of maximum ageing rates
are marked by open black triangles. It can be seen that, as IS energy
decreases, the maximum ageing rate temperature shifts towards the left
side and meanwhile its interval with the ageing/rejuvenating transition
temperature becomes narrower.

processes between different IS. As illustrated in Fig. 4(a), an individual
hopping can be decoupled into two stages: the up-hill activation stage
from the present IS to the connecting saddle states with the activation
barrier EA and the down-hill relaxation stage from the saddle states to
the next IS with the energy relaxation ER. Assuming at moment t the
system occupies a certain IS with the energy of EIS(t), then at the next
moment t + Δt after hopping, the energy change is given by (EA − ER).
A consequent differential equation for EIS evolution can then write as
[18]:

dEIS (t )
dt

EIS (t + t )
t

EIS (t )

= ·exp

EA
· EA
kB T

ER

(1)

t = [ ·exp( EA /kB T )] represents the average residence
where
time in the current IS, is the jump frequency which includes the enretropy effect [18] and kBT has its usual meaning. Note that
presents the average over all possible hopping paths, because there
exist multiple transition pathways in the PEL of amorphous materials
and they should all be taken into consideration. In other words, EA and
ER no longer have explicit values as in the crystalline counterparts.
Instead, they are expected to be described by the EIS-dependent broad
spectra [23–25], P (EA |EIS ) , and P (ER |EIS ) , respectively. And their
average values should be calculated as:
1

EA (EIS , T ) =
ER (EIS ) =

kB T ·ln

P (EA |EIS ) e

ER· P (ER |EIS )·dER .

EA
kB T dEA

,
(2)

Note that the up-hill activation stage is essentially a thermal process, and the Boltzmann weighting factor has to be incorporated in the
averaging calculation. As a result, the average activation barrier EA in
general becomes a function of both EIS and T. In contrast, the relaxation
stage is a spontaneous downhill process, which does not need the
thermal assistance [26]. Therefore, no Boltzmann factor is involved in
the relaxation stage, and the expected relaxation energy ER is only a
function of EIS, as expressed in Eq. (2). It is also worth noting that, the
validity of Eqs. (1 and 2) requires that P (EA |EIS ) and P (ER |EIS ) are
independent from each other. While it is very difficult to prove such
assumption analytically, the systematic PEL samplings both in metallic
glasses [18] and in amorphous Si [27] have shown strong evidence on
the independence of EA- and ER-distributions. We therefore assume such
approximation is effective in the present study.

3.2. Ageing rate contours & exothermic peak shift.
To unravel the reason for why the maximum ageing rate temperature is shifting, here we seek the recently developed PEL model [18],
which has successfully explained the ageing/rejuvenating crossover in
disordered solids. From the PEL perspective [19–22], the evolution of
disordered materials consists of a series of elementary hopping
3
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Once the probability distribution functions of P (EA |EIS ) and
P (ER |EIS ) are available, one can readily calculate the EA and ER
through Eq. (2), and further quantify the dEIS/dt at prescribed (EIS,T)
condition through Eq. (1). Recent advances in PEL-sampling techniques
[27–29] have made it possible to directly probe the high-fidelity EA and
ER spectra in disordered materials. In the present work recently obtained P (EA |EIS ) and P (ER |EIS ) in the same system [18] are utilized in
Eq. (2), for the sake of benchmarking the results in Fig. 3(a) and
meanwhile saving some computational costs.
Fig. 4(b) shows the calculated results of dEIS/dt by Eq. (1) in the
broad EIS—T space. Overall the entire map is divided into two regimes:
in the blue side there is EA ER < 0 , and the system undergoes an
ageing (exothermic) process; while in the red side there is
EA ER > 0 , and the system undergoes a rejuvenating (endothermic)
process. The underlying physics for such sign flip is straightforward: as
discussed above, due to the broad distribution and incorporated
Boltzmann factor, EA becomes T-dependent and according to Eq.(2),
EA is a monotonically increasing function of T; while on the other
hand, ER is T-insensitive. Therefore, by gradually increasing the temperature, one naturally expects the value of EA ER to change from
negative to positive.
As aforementioned, such ageing/rejuvenating crossover has been
reported earlier [18] and in the present study we will restrict our attention to the origin of complex ageing in the blue regime, which has
not been elucidated before. As seen by the contour lines in Fig. 4(b), a
clear non-monotonic ageing phenomenon can be resolved. In other
words, by increasing the temperature in the blue regime, the ageing
rate increases first, reaching its maximum value at some intermediate
stage, and then will start to decrease until zero at the ageing/rejuvenating transition point. Such non-monotonic behavior can be
naturally explained by the PEL model: as reflected in Eq. (1), the IS
energy variation rate is determined by two key factors, EA ER , and
exp( EA / kB T ) , respectively. The first factor has been discussed above,
that the sign of EA ER is negative in the blue regime and its absolute
value decreases as a function of T. As for the second factor, it can be
analytically proved that its value becomes larger monotonically as T
increases. As a result, the opposite dependences on T yield the nonmonotonic ageing behaviors.
The mechanism map so-constructed covers a wide span of EIS , T,
and relaxation timescales—well beyond the capabilities of MD. The
reason why such calculation is not limited by the short timescales inherent in conventional MD is because in Eq. (2) the entire activation
energy spectrum P (EA |EIS ) is considered, which naturally includes the
high-barrier processes and thus slow kinetics. To verify such map, we
first examine its results in the space window where MD is known to be
valid. To be more specific, some key results of MD simulations retrieved
from Fig. 3(a) are also presented in the green box of Fig. 4(b). It can be
seen that the maximum ageing rate position (black dashed curve) indeed closely aligns with the minima of the contour lines. The ageing/
rejuvenating transition boundary (open yellow circle) and the position
of constant ageing rate at −106 eV/s (grey triangle) are also reasonably
consistent with the independent PEL calculations through Eqs. (1 and
2).
Another important point we would like to note is that, the wide span
of orders of magnitude in the contour line values in Fig. 4(b) makes it
possible to directly compare with experiments. As discussed in the beginning of this paper, Slipenyuk and Eckert measured the exothermic
signals of metallic glasses samples with different thermal processing
histories and observed a significant shift of exothermic peaks that
cannot be correctly explained by existing models [17]. In their experiments, the samples were prepared with a centrifugal casting technique, implying that the cooling rates ought to be in the order of
102 ~ 103 K/s [30]. The following DSC scan was controlled at ~1 K/s
heating rate. Fig. 4(c) shows the calculated energy flow curves by Eq.
(1) during the heat scan at similar conditions (details of the numerical
integration can be found in Appendix. A3.) A clear shift of exothermic

Fig. 4. (a) Schematic illustration of IS energy variation during elementary
hooping on PEL. The IS energy change is induced by the imbalance of activation
energy EA and relaxation energy ER .The distributions of EA and ER at different
energy levels can be directly probed by atomistic sampling technique. In the
present study we utilize the recently obtained spectra in the same system [18].
(b) Theoretically calculated results of intrinsic energy variation rate by Eq. (1), in
the EIS—T space. Key features of MD simulation, including the maximum ageing
rate position (black dashed curve), the ageing/rejuvenating transition boundary
(open yellow circle), and the position of constant ageing rate at −106 eV/s (grey
triangle), are also presented for comparison. (c) Prediction of PEL model on the
exothermic behavior at realistic conditions. The samples are first prepared at the
cooling rate from 20 K/s to 2000 K/s, by solving Eq. (1) with a time-dependent T
control. Then those samples are subject to a following heating treatment, again
by varying the T in Eq. (1) at 1 K/s. These represent similar conditions to experiments [17] and far beyond MD’s accessibility. For a less annealed sample (i.e.
higher cooling rate), the exothermic signal clearly shifts towards the low temperature region, which is very well consistent with the real measurement.
4
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signals is naturally resolved, showing a good agreement with the DSC
measurement [17].

signal corresponds to a better ductility [16], and usually an enhanced
ductility suggests a larger number density of STZs or flow units in the
sample [36]. In the present work, the origin of a stronger exothermic
signal can be attributed to a higher intrinsic ageing rate, and according
to the contour lines in Fig. 4(b), higher intrinsic ageing rate would
happen at higher EIS level. Therefore, it seems to suggest that a sample
at higher energy state would contain a larger population of STZs, which
qualitatively is not so surprising. By taking a further step, the intrinsic
ageing rate is ultimately determined by the energy imbalance during
the IS hopping in the PEL. Recent study [37] shows that at higher energy level the IS are more crowdedly distributed, and a remarkable
similarity to the STZ theory has been observed. Therefore, there is indeed deep connections between the two models. We believe a similar
spirit would also hold for β relaxations processes, which are known as
elementary hopping between neighboring IS in the PEL [19,21,38,39].
Because following the above-mentioned logic, at higher energy level
there are more crowdedly distributed IS and thus one should expect a
pronounced β relaxation and consequently, a better ductility. This is in
excellent agreement with existing studies [36,40–43], which have demonstrated that a pronounced β relaxation indicates a more frequent
collective atomic jumps and would lead to a stronger exothermic signal
and an enhanced ductility of the sample.
As a final note, shear band formation is known as the roadblock of
preventing the wide application of metallic glasses. A popular shear
banding mechanism is the four-zone hierarchy structure of shear embryo embedded in a temperature gradient proposed by Shimizu et al.
[26]. Such embryonic structure is named ARGL, representing aged
glass, rejuvenated glass, glue, and liquid zones, respectively, from high
to low temperatures. Therefore, the capability of accurately calculating
the ageing/rejuvenating contour lines over a broad temperature range
shown in Fig. 4(b) can provide fundamental basis to the ARGL model
and thus shed light on the understanding of heterogenous deformation
in metallic glasses.

4. Discussion
We believe the significant shift of exothermic peaks in Fig. 4(c) can
be attributed to the nature of broad EA spectra in disordered materials.
To be more specific, according to Eq. (2) the broad spectra P (EA |EIS )
result in a T-dependent EA . At lower temperature EA becomes
smaller, and the kinetics factor in Eq. (1), namely exp( EA / kB T ) , will
be boosted, leading to a noticeable exothermic behavior as observed in
experiments. On the contrary, in most existing models (e.g. free volume
theory [31,32], shear transformation zone model [33], etc) the activation energy is usually assigned with a constant fitting number, which
would severely suppress the kinetics at low T in an exponential manner.
This is why the existing models can only explain the different strength
of the exothermic peaks [17], but not their shift along the T-axis as
observed in experiments. In fact, Slipenyuk and Eckert suggested that,
to explain their measurements, there should exist a continuously distributed activation barriers [17], and our present results provide fundamental support to such hypothesis. Note that a fully quantitative
comparison between the present calculations and their experiments
would be challenging, due to the difficulty of identifying the precise
cooling rate in experiment and the more complex chemical composition
in real samples. Nonetheless, without invoking free parameters, the
clear shift captured in Fig. 4(c) is remarkable and encouraging, because
it reveals that the nature of complex annealing behavior originates from
the underlying PEL structures.
Admittedly, as seen in Fig. 4(b), MD results and PEL predictions do
not perfectly align with each other. We attribute such discrepancies to
the following two reasons: (i) Eq. (1) in PEL model is essentially a
mean-field theory that averages out all possible elementary hopping
events, and the calculated contour lines are therefore continuous and
smooth. However, fluctuations are inevitable in MD simulations and the
results are thus more scattered; (ii) In the data-mining process, the
energy variation rates are calculated through the linear slope between
two adjacent points in the anneal curve illustrated in Fig. 2. Although
the 50 ps interval selected in the present study is relatively small
comparing with intrinsic relaxation timescale in glasses, the ageing rate
after all is still non-linear, which presumably leads to some errors in the
estimated results and gives rise to the deviations from PEL calculation.
In spite of these (relatively minor) discrepancies, we remark that
almost no empirical assumptions (in a relative sense) or free parameters
were invoked in the PEL model. While the EAM potential employed in
the present study was developed based upon ab initio calculations [34],
it is in principle still empirical. We would like to note, however, the
spectra of P (EA |EIS ) and P (ER |EIS ) are directly probed by atomistic
sampling technique [18] in a “bottom-up” manner, rather than being
numerically fitted to experiment. From such sense the present model is
relatively more fundamental or less empirical with respect to the existing methods. Given this, the extent of the agreement in Fig. 4(b) is
indeed remarkable. In addition, with its capabilities in accessing to
realistic timescales and capturing experimental phenomena as reflected
in Fig. 4(c), we see a considerable potential of the PEL model for understanding and predicting the complex phenomena in disordered nonequilibrium materials. Very interestingly, and importantly, Cao et al’s
recent study [35] shows that a PEL-centric modeling framework can
also elucidate the nature of the qualitatively different rheological behaviors of glassy materials under mechanical loading, which was attributed to the interplay between thermal and stress activations during
the barrier-hopping processes on the fractal PEL.
It is worth noting that, while the main scope in the present study has
been focused on the non-monotonic ageing and exothermic behavior of
metallic glasses, we believe it could also provide deep insights into
some other important aspects, such as the STZs and β relaxations. To be
more specific, experiments show that a more pronounced exothermic

5. Conclusion
In conclusion, by employing an enhanced statistical analysis to mine
the data generated by atomistic modeling at various conditions, we are
able to resolve the non-monotonic and non-linear ageing behavior of
metallic glasses with high precision. It is demonstrated that such
complex ageing phenomenon can be satisfactorily explained by the
energy imbalance along with the non-equilibrium evolution in the PEL.
Significantly, the PEL model is not limited by the short timescales inherent in conventional MD because the entire activation energy spectrum is entailed in the PEL, which naturally includes the high-barrier
processes and thus slow kinetics. We further demonstrated that the
broad activation energy spectrum would result in a temperature-dependent EA and naturally lead to a significant shift of exothermic
signals at experimental conditions, which cannot be explained by existing methods where the activation energy is usually set as a fitted
constant number. The fitting-free feature of this model, as well as its
accessibility to experimental timescales, makes the present study not
only can unravel the mystery of ageing in metallic glasses but could also
be broadly applicable to many other important non-equilibrium systems containing strong disorder, such as interfaces, gels, and polymers.
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Appendix

A1: A well-known metallic glass former Zr44Cu56 consisting of 2000 atoms is adopted in our MD simulations and such selection was based on the
following considerations: (i) there exists a robust and realistic embedded-method (EAM) potential [34] for such model and it has been widely used by
the community [44–50]; (ii) the high-fidelity spectra of P (EA |EIS ) and P (ER |EIS ) in such model are available [18], which could then ease the
benchmark of the results in Fig. 3(a) and meanwhile save some computational costs. The MD annealing study follows a two-stage protocol. At the
first stage, the system is firstly equilibrated at 2000 K (~3Tg) for 1 ns with the time step of 1 fs and then quenched to 0 K within 4 orders of magnitude
change in cooling rates, from 0.01K / ps to 10K / ps . At the second stage, samples at different energy levels are pumped to and held at an elevated
temperature for 10 ns, in the range of 500 K ~ 850 K. During such annealing process, the snapshot configurations are dumped every 50 ps. The IS of
these dumped configurations are then acquired by a steepest descent minimization algorithm built in LAMMPS. In addition, each condition is
simulated for 5 times to reduce data fluctuation.
Note that commonly employed simulation sizes for glassy materials span from a few hundred [20,51], to a few thousand [27,29,52], and dozens
of thousands [53,54]. No significant size effects have been observed in terms of the IS energy [55], which is the central focus of the present study.
Therefore, the selection of 2000 atoms is based on the balance of reliability and calculation efficiency. To further confirm that the size effect does not
play a critical role in our present study, we also conducted the simulation in a larger-size system containing 4000 atoms. As can be seen in Fig. 5, no
statistical differences can be observed. We therefore believe the 2000-atoms system can reflect the correct physics and the obtained results in the
main text are reliable.
A2: In the inset of Fig. 2 in the main text we showed how to use statistics method to extract energy evolution rate at certain temperature and IS
energy level from isothermal annealing data. Such treatment can provide large amount of discrete data entries of dEIS/dt, and these raw data points
are shown below in Fig. A1. It is noted that, although discretely distributed, the aging and rejuvenating regimes are clear. These results are further
converted into a pixel plot (Fig. 3a in the main text) by employing the thin-plate spline (TPS) interpolation algorithm [56]. To be more specific, the
averaged values are firstly chosen for overlapped points in Fig. A1. Then a 2D surface in the T—EIS space is constructed by minimizing the sum of
square of differences between a fit function and these data points. With the fitted 2D function, a continuous pixel map can thus be obtained. The TPS
interpolation process is implemented using OriginLab, and the smoothing parameter is set as 6 in the present study.
As discussed above, the pixel map (Fig. 3a in the main text) is obtained by mining the data of 10 ns MD simulations. One can certainly do longer
MD simulations with nowadays computational power, but we would like to note that the effective data-mining algorithm used in the present study
allows to obtain the high-resolution results without the necessity of doing long time MD simulations. For example, the similar spirit has been shown
before in Deng and Schuh’s work in a grain boundary system [57], where they demonstrated that with enhanced statistical algorithm to better utilize
the raw MD data, even within only a few hundred pico-seconds, the precision of the calculations can be tremendously improved and reliable results
can be obtained.
To confirm that the key is the effective data mining rather than the length of MD simulation time, we have performed a longer MD simulation up
to 30 ns in the same system. As seen in Fig. A2, there are no discernable changes to the non-monotonic ageing phenomena.
A3: The exothermic behaviors in Fig. 4(c) are calculated by numerically solving Eq. (1) with T as a controlling parameter. To be more specific,

Fig. 5. Aging behaviors in metallic glass modeling system with different sizes. No significant differences are observed.
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Fig. A1. (Up) Scattered data of EIS variation rate at prescribed temperature and IS energy states. These discrete data are got from isothermal annealing curves of
different samples in MD simulation by using the enhanced statistical method. (Down) A following TPS interpolation will convert these data points into a quasicontinuum pixel plot.

Fig. A2. There are no discernable changes to the non-monotonic ageing behaviors in the modeling with different length of simulation time.

starting from a given initial (EIS, T) condition, the temperature is updated after each step of numerical integration. For example, assuming the
numerical integration time step is Δt and the prescribed DSC scanning rate is α, then the temperature is updated as Ti+1 = Ti + Δt⋅α. The temperature change will affect the value of EA through Eq. (2), which will in turn change the energy variation rate in Eq. (1), and so on and so forth.
The results in Fig. 4(c) are thus obtained.

[3] C.A. Schuh, T.C. Hufnagel, U. Ramamurty, Mechanical behavior of amorphous alloys, Acta Mater. 55 (12) (2007) 4067–4109.
[4] M.Z. Ma, et al., Wear resistance of Zr-based bulk metallic glass applied in bearing
rollers, Mater. Sci. Eng., A 386 (1) (2004) 326–330.
[5] S.J. Pang, T. Zhang, K. Asami, A. Inoue, Synthesis of Fe–Cr–Mo–C–B–P bulk metallic
glasses with high corrosion resistance, Acta Mater. 50 (3) (2002) 489–497.
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