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Amorphous solids exhibit scale-free avalanches, even under small external loading, and thus can work as suitable
systems to study critical behavior and universality classes. The abundance of scale-free avalanches in the entire elastic
tension regime of bulk metallic glass (BMG) samples has been experimentally observed using acoustic emission (AE)
measurements. In this work, we compare the statistics of avalanches with those of earthquakes, and find that they both
follow the Gutenberg—Richter law in the statistics of energies and Omori’s law of aftershock rates, and share the same
characteristics in the distribution of recurrence times. These resemblances encourage us to propose the term “glass-quake”
to describe avalanches in elastically loaded BMGs. Furthermore, our work echoes the potential universality of critical
behavior in disordered physical systems from atomic to planetary scales, and motivates the use of elastic loaded BMGs as

valuable laboratory simulators of seismic dynamics.

Keywords: bulk metallic glass, avalanche, earthquake, disorder system, time series

PACS: 64.60.av, 61.43.Dq, 91.30.Px, 61.43.—j

1. Introduction

Amorphous solids, including bulk metallic glasses
(BMGs), colloids, and granular materials, play an important
role in industries because of their unique properties.!'~* Un-
like crystalline solids, amorphous materials exhibit liquid-
like characteristics stemming from two fundamental features
of their states: structure disorder’®>-%! and out of equilibrium
state.[3891 It is crucial to understand the fundamental physics
underlying the elasticity of amorphous systems because of its
importance in non-equilibrium statistical physics.

Recently, we experimentally observed abundant
avalanches in elastically deformed metallic glass for the
first time and investigated their statistical features and possi-
ble underlying fundamental physics.!'’ Avalanches in elas-
tically deformed amorphous solids were found to follow
power-law statistics. This indicates that the amorphous de-
formation activities are correlated in space and time, natu-
rally classifying this behavior as a form of critical phenom-
ena. Inspired by the universality classes in critical phenom-
ena, some studies have established the similarity between
the avalanche dynamics in material, or structural compres-
sion, and in earthquakes, including the compression of single

11,13,14

crystals,[“’lz] rocks,| ] granular materials 1115171 and
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porous materials.[!1-18.19]

Several empirical laws have been established for the
The Gutenberg—Richter
states that the probability density distribution of earth-

statistical features of earthquakes.
law 20!
quake energy follows a power law, i.e., p(E) < E~7 (with
T =1+2b and b close to 1). Clustering has been observed
for the events when studying the time intervals (waiting times)
between consecutive seismic events.[?1:>? The power law fea-
tures of the events inside the clusters indicate temporal corre-
lations among intra-cluster events. Conversely, the presence
of a gamma distribution is observed!?’] when analyzing the
statistics of waiting times between clusters. This suggests that
distinct clusters are uncorrelated, and could be categorized as

[24] states

a Poisson-like process. Additionally, Omori’s law
that the rate of aftershocks, N (), after a main shock de-
cays approximately inversely with the elapsed time t, i.e.,
N (tys) o< 15"

In this paper, we report the presence of the Gutenberg—
Richter law, the cluster features of recurrence times and
Omori’s law for avalanches in elastically loaded bulk metallic
glasses. By combining the results of the above analysis, re-
markably, we found that the avalanches witnessed during the
tensile elastic deformation of BMG samples exhibit striking
similarities to earthquake statistics, which strengthen the no-
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tion of universality among disordered systems. These findings
encourage us to propose the term “glass-quake” to describe
avalanches in elastically loaded BMGs, and boost the idea that
the avalanches observed during the elastic tension of metal-
lic glass could serve as a convenient and controllable labora-
tory model for studying seismic events, in addition to previous
compression models.[!1=1]

2. Results

In our experiment, specimens of BMG (Zrs5; CupgNigAlj»)
are subjected to axial tensile stress at a strain rate & =
5x107* s~ at room temperature (far below the glass tran-
sition temperature 7; = 705 K), while the AE signals orig-
inating from avalanche events generated within BMG are
recorded. For each BMG sample, ~ 10° avalanche events
can be detected throughout the elastic deformation process. A
single avalanche event is manifested as a time series of volt-
age signals, beginning with a voltage jump above the mean
background of the AE waveform. A conventional threshold-
based hit detection algorithm was applied to the recorded AE
waveform V (t) to identify AE events.>>) After the AE event
identification, the AE waveform is converted to an AE events
series {E;}, with each event E; characterizing an avalanche
event. For each avalanche event, the energy of event S; is
defined as the area below the squared voltage curve as

si= [“'v2 () dr, (1)
Iy i
where ,; and #.; denote the start and end time of the ith
event. To catch the evolution of avalanche dynamics during
the course of the tensile test, statistical analysis is performed
in each consecutively sliced 30 s time window, centered at a
certain instant ¢, which can be equivalently translated to a total
deformation € = &r.
The waiting time ty,; of the ith avalanche is defined as the
time interval between the end of this avalanche and the begin-
ning of the next,

bw,i=Tlpiy1 —le- 2)

Using the above methods, we obtained the avalanche energy
series {S;} and the waiting time series {ty ;} from the raw sig-
nals received by the acoustic emission detector. For more de-
tails of the experiments, detection and statistics of avalanches,
refer to the supplementary material.

2.1. Energy distribution of avalanches

The avalanche energy distribution in the entire elastic
regime follows the Gutenberg-Richter law given by P(S)
ST, as illustrated in Fig. 1(a), validated for events occurring
within time windows centered at four different levels of strain

el?%] sug-

(or stress). Although a rigorous estimating procedur
gests that the exponent 7 decreases mildly from approximately
1.73 at the onset of deformation to around 1.48 at the failure
(inset of Fig. 1), it is also legitimate to assert a non-varying
mean-field value 7 ~ 1.5 for the entire range of deformation,
as illustrated by the fair alignment between the distributions
and the reference line in Fig. 1. The analysis of the avalanche
energy distribution, as demonstrated in Fig. 1, reveals a power-

law pattern similar to the renowned GR law.
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Fig. 1. Power-law distribution P (S) o< S~7 of avalanche energies S at
different stress/strains. The inset shows the evolution of the exponent T
with strain.

In the statistical analysis of earthquakes, the size distri-
bution of earthquakes is considered to follow a power-law dis-
tribution. This power-law distribution in earthquakes is also
commonly referred to as the Gutenberg—Richter law (GR law)
in seismology, which indicates the scale-free feature of earth-
quakes. GR law can be expressed using the following formula:

logN =a—bM, 3)

where N is the cumulative number of events above magnitude
M.1201

In GR law, the exponent b (or T = 1+ 2b) is an important
parameter that quantifies the scale-free statistical behavior. A
significant decrease in the b value prior to the occurrence of
large earthquakes has been observed in numerous seismic ac-
tivities. Basically, the b value can serve as an important in-
dicator for predicting catastrophic earthquakes.>’-*%! Further-
more, there is a linear negative correlation between the b value
and differential stress (difference between the maximum and
the minimum principal stress), with a smaller b value corre-
sponding to greater differential stress, which is also a signifi-
cant cause of major disasters.3-3?]

Like the conclusions drawn from b value research, as the
deformation proceeds, the exponent 7 of the avalanche power-
law statistics in BMG samples also decreases with the increase
in stress levels, as shown in Fig. 1. Consequently, it is inferred
that an energy accumulation process that is comparable to that
preceding a significant earthquake occurs during the elastic de-
formation of BMGs. This also suggests the presence of a po-
tential underlying physical mechanism that connects the yield-
ing transition in BMGs with catastrophic major earthquakes.

116402-2
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2.2. Fractal features of time series

The temporal clustering property of avalanches is ana-
lyzed by investigating the distribution of events over time and
the distribution of waiting times between events. A cluster-
ing property can be clearly identified by naked eyes for the
time series of events when zoomed into an appropriate time
scale, as shown in the upper section of Fig. 2(a), where each
dot represents an avalanche event with an attached vertical
line indicating its time coordinate. Events separated by rel-
atively small intervals gather into clusters and different clus-
ters are separated by relatively large time intervals. To inves-
tigate the clustering properties, we first plot the probability
distribution Q¢ (#) of all the inter-avalanche waiting times
sampled within each time window centered at four different

stress/strain levels, as shown in Fig. 2(b). At the early stage of
the elastic regime, Q¢ () displays a clear bimodal distribution
with two populations that are respectively concentrated around
a small value of 7, = 107* s and a larger value #y, ~ 1070 s.
As the deformation proceeds (as the stress increases), the two
populations reach out towards each other and eventually join at
a waiting time #,, ~ 600 us (inset of Fig. 2(b)) when the stress
reaches about half of the elastic limit. We go ahead to sys-
tematically group a series of events into clusters by inserting
cluster boundaries whenever a pair of neighboring events are
separated by a waiting time larger than #,. Clusters produced
in this way are vividly revealed using alternating red and blue
colors in Fig. 2(a) (lower section), rendering #;, a quantitative
criterion to classify the events into clusters.
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Fig. 2. Clustering features of an avalanche sequence. (a) Upper section: events represented by dots. Lower section: clustering of events based
on the characteristic waiting time #;, ~ 600 us, with consecutive clusters represented by alternating blue and red colors. (b) The waiting time
distribution at different stress/strains. The inset shows the fitting of the purple group (o = 1641 MPa) using the forms: Qintra = At\;zQimer =
Btv;("3 exp (—tw/0.015), and Q = Qjpya + Qinter- The characteristic waiting time ¢, and the dividing intra- and inter-cluster waiting time
distribution is determined by the intersection of Qin¢ra and Qineer- (¢) The waiting time distribution rescaled by the corresponding avalanche rate
m* at different stress/strains. The rescaled Qjyer parts collapse into a master curve, A(twm")fo'15 exp ((—twm*)/2.5).

Further analysis of Qg (#y) enables the distinction be-
tween intra- and inter-cluster behavior, indicating significantly
different underlying physics between dynamics within and be-
tween clusters. With ¢, severing as the separation point, the
waiting time distribution within clusters follows a power-law
distribution characterized by Qinga (fw) =< (tw)™“, while the
waiting time distribution between clusters follows a gamma
distribution described by Qjneer (tw) < (tw)fq) exp(—tw/twy)-
At a stress level of 1641 MPa, our data shows a a ~ 2 for
the intra-cluster component and ¢ ~ 0.3 for the inter-cluster
component, which are obtained by fitting Q. (t,) using an ad-
ditive model Q(tw) = Ointra (tw) + Ointer (fw), as visually de-
picted in the inset of Fig. 2(b). These statistical features sug-
gest that avalanche events within a cluster arise from strong
spatial-temporal cooperative processes, displaying scaling in-
variant fractal features indicated by the power-law distribution
of waiting times. In contrast, different clusters represent a sep-
arated and less cooperative processes, as the gamma distribu-
tion is typically associated with extreme events in independent
processes. Additionally, the inter-cluster distribution Qjnter
aligns with the predictions of the pseudo-gap theory in that the
measured value of ¢ falls within a range that is consistent with
numerical results on the pseudo-gap distribution in the elas-

o 13334

tic regim | Thus, our inter-cluster waiting time may be

considered as the thermal-finite-rate extension of the pseudo-
gap that separates two successive avalanches in the athermal
quasi-static driving condition. On one hand, the superposition
of Qinra for all the time windows in Fig. 2(b) unveils a univer-
sal and robust intra-cluster dynamics that remains unchanged
under different strain/stress conditions. On the other hand, the
universal pattern of inter-cluster dynamics is elucidated by a
master curve that is obtained by rescaling the waiting time dis-
tribution Q(fy) with the measured avalanche rate m* for each
time window (Fig. 2(c)), which suggests an intrinsically in-
variant mode of random occurrence of cluster.

The statistics and the physical implications for the intra-
and inter-cluster behavior share remarkable similarities to
those of earthquakes. The re-scaled waiting time distribu-
tions depicted in Fig. 2(c) exhibit similarities to the recur-
rence time statistics of earthquakes.?>3>! Both the avalanche
sequence and earthquake series display master curves that re-
semble gamma functions and possess comparable character-
istic parameters. This suggests a shared temporal behavior
between avalanches and earthquakes, characterized by an un-
known dynamic mechanism that is common to both phenom-
ena.

In statistical analysis of the waiting time series following
avalanches with large or small waiting times, it is observed
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that the conditional probability distributions of these two cat-
egories are not the same, with longer waiting times often fol-
lowed by longer waiting times, and shorter waiting times fol-
lowed by shorter waiting times. This phenomenon of cluster-
ing of long and short waiting times is considered as the mem-
ory effect in the temporal sequence.*°!

To investigate the memory effect, we first sort all
avalanche waiting times and select those with the longest
waiting times, which constitute a quarter of the total count
(categorized as the ‘longest quarter’). Subsequently, we cal-
culate the probability density function for the waiting times
of avalanches occurring subsequently to these long-waiting-
time avalanches. Similarly, we perform the same operation
for avalanches with shorter waiting times, also representing a
quarter of the total (categorized as the ‘shortest quarter’). Fi-
nally, we obtain two conditional probability density distribu-

tions, as shown in Figs. 3(a) and 3(b). The probability distri-
butions of the waiting time of BMG avalanches, conditioned
on a long or short prior waiting time value, exhibit similarity
at low stress levels but become distinctly different at higher
stress levels (Figs. 3(a) and 3(b)). This statistical feature indi-
cates the emergence of a memory effect, which is a common
finding in earthquake series,*®! during the elastic deformation
of BMG.

Finally, the distribution of the aftershock rate as a func-
tion of the time distance to the main shock resembles Omori’s
law observed in earthquake statistics (Fig. 3(c)), up to a limit
of a mean inter-cluster waiting time #;,. This lends support to
the notion that similar dynamics may be shared by aftershocks
of earthquakes and intra-cluster events of elastically deformed
BMGs.

Waiting time ty (s)

Waiting time ty (s)

< = =
< 10t BL  0=923 MPa, e=1.05% IE = 10t
£ 103} (a) ; < ) (c)®
e S = 102
= 102L = -
2 2 3 Pa

10t L a9 S 100 B
2 ”8 ’2 Mean inter-cluster 0O~
§ 10°f o Shortest quarter g 2 , waiting time O
pel .2 g
I 10~ & Longest quarter _g 10-!} B Longest quarter f 10
5 . = S — Omori law N(t)oct™!
S102) I e g0

10— 10~ 10— 10-2 107! 10-5 10~* 10-% 10-% 107! ~ 10-5 104 10-3 10-2 10! 10°

Aftershocks’ time distance to mainshock t,s (s)

Fig. 3. Analogy to earthquake characteristics. (a) Conditioned probability distributions of the waiting time #,, following a waiting time #y¢ either from
the shortest quarter of all sorted waiting times (shortest quarter, circles) or the longest quarter of all sorted waiting times (longest quarter, squares) of
all tyos at a medium stress level of 923 MPa. (b) Conditioned probability distributions similar to (a) but at a higher stress level of 1641 MPa. (c) The
rate of aftershocks NV as a function of the time distance of the aftershocks 7, to the main shock. The main shock is defined as the energy of AE events
exceeding 2.29x 107. Solid and open squares represent z,; values below and above the mean intra-cluster waiting time, respectively.

3. Concluding remarks: Glass-quake

These wide and strong similarities to earthquakes suggest
the utilization of BMG as a convenient laboratory simulator
for the investigation of earthquake dynamics. BMG distin-
guishes itself from other seismic simulators!!6:1%37:38] in that
the size ratio between the entire system and the elementary
excitation can be readily achieved up to ~ 107, which is com-
parable with that of earthquakes, while other laboratory sim-
ulators usually achieve a size ratio that is 1000—10000 times
smaller. Such a full range representation is desirable for faith-
fully revealing the underlying scale-free dynamics proportion-
ally down scaled from the earthquakes.

Our results on the statistical behavior of avalanche events
in glasses reveal striking similarities to earthquakes, leading us
to coin the term “glass-quake” to describe this phenomenon.
The emergence of the glass-quake suggests a potential univer-
sality in the “interplay of disorder and fluctuations in physical

systems from the atomic to the planetary scales”.[3

! Beyond
the vivid potential for experimental data generation through
the use of BMGs as a convenient simulator, the field of glass
physics may offer valuable insights into advancing our under-

standing of earthquake dynamics. In particular, concepts such

as the complex potential energy landscape, pseudo gap, and
marginal stability, which are commonly employed to describe
the dynamics of amorphous systems, may serve as a novel av-
enue for laboratory-scale investigations of earthquakes. The
continued development of experimental and theoretical tech-
niques will help to further our understanding of the relation-
ship between glass-quake and earthquake dynamics, and ul-
timately lead to new insights into the underlying physics of
these complex systems.
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