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Sudden bursts of energy release, commonly referred to as “avalanches”, are ubiquitous in many complex
systems, from seismic activities in the Earth’s crust to microscale dislocation activities in crystal lattices.
Despite the massive differences in the underlying energy release mechanisms and their time and length scales,
these events often display remarkable similarities, hinting at shared governing principles. In this study, we
establish a direct analogy between dislocation avalanches in single-crystal nickel and seismic activity by
combining in situ microcompression experiments with high-resolution acoustic emissions (AE) measurements.
By correlating abrupt strain bursts with the spectral and temporal characteristics of AE signals, we introduce
a new framework to identify “mainshock”-like events during dislocation avalanches and correlate them with
their foreshocks and aftershocks. Our results show that the intermittent, scale-free dynamics of dislocation
avalanches mirror earthquake statistics, including the Gutenberg-Richter, Omori, and Bath laws, providing
phenomenological rules that describe energy release and event clustering in dislocation avalanches. This
reflects the universality of these laws across widely different length and time scales and material systems.
Additionally, while the overall avalanche statistics remain independent of the micropillar diameter, the
magnitude of AE signals and load drops exhibits a strong size dependence. Overall, these findings increase
our understanding of the fundamental mechanisms that govern plasticity and underscore the robust analogy

between dislocation-mediated deformation and seismic processes.

1. Introduction

Many complex systems across different scientific domains often
share fundamental scale-invariant behavior and governing principles
despite operating under different physical mechanisms, driving forces,
boundary conditions, and spatial/temporal scales. One manifestation
of such universal features is the emergence of sudden, collective burst
events that seemingly follow power-law or avalanche-like statistics.
Examples range from Barkhausen noise in ferromagnets [1,2], neural
avalanches in the brain [3], avalanches in granular flows [4], to plastic
deformation in metals and seismic activity during earthquakes [5,6].

Among these examples, the parallels between plastic deformation in
metals and seismic activities are particularly intriguing. In earthquakes,
large-scale slip along faults in the Earth’s crust abruptly releases energy,
generating seismic waves that propagate through the subsurface [7,
8]. Analogously, in crystalline metals, slip occurs via dislocations,
which are line defects in the crystal that can slip collectively and
suddenly, forming what are known as dislocation avalanches [9]. These
avalanches release energy in the form of acoustic emissions (AE) as
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they move and interact through the crystal lattice, mirroring the seismic
waves emitted during fault slip [10,11].

Remarkably, although dislocation avalanches and earthquakes differ
by more than ten orders of magnitude in length and time scales, their
statistical and scaling behaviors are strikingly similar [6,12]. Both
phenomena exhibit scale-free statistics and self-organized criticality
(SOQC), implying that shared fundamental principles drive the dynamics
of these distinct complex systems [5,10,11].

Despite these intriguing analogies, most dislocation avalanche stud-
ies have focused primarily on their statistical parallels with earth-
quakes [5-7,12-15], thus enriching our understanding of their com-
mon statistical mechanics. However, most studies have overlooked
the detailed dynamics and underlying physics of individual dislo-
cation avalanches. For instance, bulk-scale experiments average out
many overlapping avalanches that may be spatially uncorrelated, while
microscale experiments typically rely on load—displacement measure-
ments that miss critical short-timescale features. As a result, neither
method fully captures the onset, evolution, exhaustion, or mutual
interactions of dislocation avalanches. This underscores the need for
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smaller-scale, higher-resolution AE investigations capable of isolat-
ing individual avalanche events and elucidating the correlation be-
tween mechanical responses and AE signals during microscale plastic
deformation.

To address this, here, we perform in situ microcompression ex-
periments with real-time AE measurements on single-crystal nickel
micropillars. By analyzing the mechanical and acoustic responses of
micropillars of varying sizes, we aim to resolve the high-resolution
dynamics of dislocation avalanches in both the mechanical and fre-
quency domains. This approach allows us to investigate how the size
of the sample influences the intermittency and overlap of dislocation
events, thus influencing the AE signals and the overall response to
plastic deformation.

2. Materials and methods
2.1. Material and specimen fabrication

In this study, we use single-crystal high-purity nickel (Ni) acquired
from Goodfellow Corporation, USA, with a purity level of 99.999%. The
original Ni bar was cut using electrical discharge machining (EDM) into
a cuboid with dimensions 3.3 x 3.3 x 9.0 mm?. Next, this cuboid was
cut to align the top surface with the [352] crystallographic orientation.
Subsequently, the sample was mechanically polished, electropolished,
and then heat treated as detailed in [16]. The micropillars were then
fabricated on the top surface using the annular milling technique in
a Thermo Scientific Helios G4 UC focused ion beam (FIB) system,
operating at a voltage of 30 kV. More details of the fabrication can
be found in [17].

Three different sizes of micropillars were fabricated with diameters
of 5, 10, and 15 pm (referred to hereafter as D5, D10, and D15 micropil-
lars, respectively), each with an aspect ratio of ~ 2. The orientation of
all micropillars was aligned along the [352] crystallographic direction
to allow for predominantly single-slip deformation. The Schmid factor
for the primary slip system in this configuration is 0.45, while the next
highest was 0.34.

2.2. Experimental setup

In situ uniaxial compression tests on the micropillars were carried
out within a Tescan Mira3 scanning electron microscope (SEM). The
SEM was equipped with a Nanomechanics InSEM cradle mounted on
the SEM stage, which included an InForce 1000 actuator (1 N load
cell). During testing, a conical diamond tip with a flat end (25 pm
diameter) was used to interface with the micropillars. All tests were
performed in a load-controlled manner with a loading rate of 0.16
mN/s and a data acquisition rate of 0.6 kHz.

A custom-designed fixture was used, as shown schematically in
Fig. 1(a), to integrate the AE sensor with the InSEM cradle without
obstructing either the field of view or the actuator tip path, while
also ensuring consistent contact and positioning such that the sensor
has a direct acoustic pathway from the sample. An SEM micrograph
of the setup is shown in Fig. 1(b). All AE signals are recorded during
the microcompression experiments with an acquisition rate of 2 MHz
using a commercial PICO piezoelectric sensor, a 2/4/6 preamplifier
(60 dB), and a PCI-2-based data acquisition system available from
Physical Acoustic Corporation (MISTRAS).

2.3. Data analysis

2.3.1. AE waveforms processing

AE waveforms were recorded during the experiments and subse-
quently post-processed in MATLAB [18] to enhance their signal-to-
noise ratio (SNR) by applying a bandpass filter (bandwidth = 30-50 kHz)
to the raw waveforms. This bandwidth is based on spectral analysis of
the waveforms that show that the signals associated with dislocation
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motion are most prominent in this range, whereas noise signals are
largely removed, as discussed in Section 3.2.

The filtered AE waveforms are also segmented into “hits” using a
hit definition time (HDT) of 100 ps and an amplitude threshold of
16 dB. Here, a hit is defined as the segment of the waveform that
exceeds the specified amplitude threshold, with the hit ending when
there is no further threshold crossing for a duration equal to the HDT.
This approach is commonly used to separate genuine AE signals from
background noise. Additional details of the conversion process can be
found in our previous work [17].

3. Results and discussion
3.1. Mechanical and acoustic response

Representative stress—strain curves for the three micropillar sizes
tested are shown in Fig. 2(a). The results show that the D5 micropillars
exhibit a higher flow strength compared to the D10 micropillars, which,
in turn, are higher than the D15 ones. This trend is consistent with the
well-established size effects in metals—often referred to as “smaller is
stronger”—and aligns with previous findings on many metallic systems
(cf. [9,19-22]). In addition, all curves show characteristic intermittent
behavior, where strain bursts become more pronounced as the diameter
of the micropillar decreases.

Fig. 2(b) shows the recorded AE waveform for sample D5-2, show-
ing a response representative of all other samples regardless of the
micropillar size. The signal consists of high-amplitude bursts super-
imposed on a low-amplitude continuous background noise. The con-
tinuous noise, distinguished by its approximately constant amplitude,
persists throughout the entire deformation and arises from the con-
volution of various sources, including the sensor, the wiring, and the
acquisition board [23]. Importantly, each high-amplitude AE burst
occurs exclusively with a displacement burst as shown in Fig. 2(c).
These discrete events reflect the plastic deformation in the micropillars,
which manifests itself as sudden displacement bursts accompanied by
AE waves. In particular, at the onset of a displacement burst, the rate
of energy release increases significantly, resulting in a pronounced in-
crease in the AE amplitudes. Because the micropillars are single-crystals
that are oriented for single-slip deformation, these AE bursts are mostly
induced by dislocation avalanches on the active slip planes [17].

Fig. 2(d) shows the spectrogram of the AE waveform segment
shown in (c). The spectral analysis reveals pronounced shifts in the
frequency power distribution correlated with each displacement burst.
Specifically, at the onset of the bursts, frequencies below 50 kHz
dominate, leading to higher power within these bandwidths compared
to other frequencies. It should be noted that, owing to the spectrogram’s
1 ms time resolution, the corresponding frequency resolution is lim-
ited to 7.32 kHz. Therefore, the exact dominant frequency cannot be
determined with higher precision from this plot.

Collectively, Figs. 2(c) and (d) demonstrate that the deformation
events in the micropillars exhibit distinct signatures in both the time
and frequency domains, namely, higher amplitude in the time domain
and a comparatively narrow dominant bandwidth in the frequency
domain. These observations underscore the need for a more in-depth
analysis of the activities during the bursts. Fig. 3 shows a magnified
excerpt of the spectrogram presented in Fig. 2(d), and it reveals in-
termittent activity even within a single displacement burst, which is
characterized by discrete shifts in the frequency power distribution.
In addition, while the dominant frequency range remains consistent,
the corresponding power varies, as observed by the changes in the
intensity of the red contours. This variation implies that the underlying
AE source strength is not constant, highlighting an analogy between
dislocation activities and seismic events, where individual earthquakes
vary in magnitude within a single seismic sequence.
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Fig. 1. (a) A 3D schematic of the custom-designed fixture used to couple the AE sensor with the sample in the InSEM cradle. (b) An SEM image of the experimental setup. The

insert shows one of the micropillars fabricated into the surface before testing.
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Fig. 2. The mechanical and acoustic response of the tested micropillars. (a) Representative stress—strain curves for the three micropillar sizes tested. (b) The AE waveform (measured
as voltage versus time) overlaid on the displacement-time curve for D5-2 micropillar. (c) Enlarged view of a segment of the curves in (b), showing the synchronization between
the displacement bursts and the AE bursts. (d) Plot of the spectrogram (power versus frequency and time) for the waveform segment in (c), with displacement plotted on the right
y-axis. The spectrogram was generated using the “pspectrum” command in MATLAB with a time resolution of 1 ms. The x-axis is normalized to highlight the time scale of the
events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. From seismology to plasticity: A new physical perspective on fore-
shocks, mainshocks, and aftershocks during dislocation avalanches in metals

In seismology, earthquake sequences typically involve three main
sequential events: foreshocks, mainshocks, and aftershocks. Foreshocks
occur first, often because smaller localized slip patches activate on a
fault nearing a critical stress threshold. These smaller events redis-
tribute the stresses on neighboring regions, making the fault more
susceptible to a larger rupture. Once friction resistance is overcome in a
sufficiently large area, rupture can propagate dynamically, producing
the mainshock, which is characterized by the release of the greatest
seismic energy in that sequence of events [24]. After the mainshock,
the damaged rock volume continues to rearrange under the newly
altered stress field, giving rise to aftershocks. Over time, as the system
gradually relaxes toward a new equilibrium, aftershocks diminish in
frequency and eventually cease.

In metals, an analogous hierarchy of events can be identified in
terms of dislocation avalanches. Similar to seismic activity, smaller
bursts of dislocation motion, akin to foreshocks, can serve as precur-
sors to larger avalanches by locally enhancing or redistributing stress
within the crystal lattice. Once a critical stress state is reached in
a specific region, a more substantial avalanche, or “mainshock”, is
triggered. Subsequently, additional smaller avalanches, akin to after-
shocks, may occur as the material transitions toward a new equilibrium
configuration.

Applying this earthquake-inspired analogy to dislocation avalanches,
however, is not straightforward. In earthquakes, foreshocks and after-
shocks occur within a zone surrounding the mainshock’s epicenter—the
ruptured fault segment. Events occurring outside this zone are generally
considered independent earthquakes [25,26]. This spatial identification
is feasible in seismology due to the deployment of numerous sensors
capable of triangulating earthquake epicenters. On the other hand,
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Fig. 3. A close-up view of the spectrogram in Fig. 2(d), showing discrete changes
in the frequency power distributions during a single displacement burst event. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

dislocation avalanches involve a large number of active sites (dislo-
cation sources) that can be near or far from one another, and the
limited spatial resolution of AE sensors makes it challenging to spatially
correlate different events. Nevertheless, the concept of foreshocks,
mainshocks, and aftershocks still provides a valuable approach to study
dislocation-mediated plasticity.

Previous approaches to define mainshocks in dislocation avalanches
have often involved categorizing AE bursts by predefined energy thresh-
olds [6,27,28]. In these approaches, AE events exceeding a certain en-
ergy range are designated as mainshocks, while lower-energy bursts sit-
uated between two mainshocks are classified as aftershocks. However,
such methods face several limitations:

+ The energy thresholds used are frequently arbitrary and may not
correlate to any physical phenomena within the material.

» Events occurring between two mainshocks may ambiguously
qualify as aftershocks of the first or foreshocks of the second,
causing classification inconsistencies.

« If a substantial time gap separates two mainshocks, it becomes
questionable to assume intervening events still belong to the
earlier mainshock sequence.

To overcome these issues, we introduce a new definition of main-
shocks in microscale plasticity, one that leverages the bursts observed
in the stress-strain response and their associated AE signals. By ex-
amining the spectral characteristics of AE waveforms only within the
discrete time intervals where bursts occur, we aim to capture the fun-
damental dislocation activity driving each burst independently, thereby
providing a clearer analogy with seismic processes.

Fig. 4 shows a multi-dimensional analysis of rapid dislocation dy-
namics during a single displacement burst in the D15-2 micropillar
as a representative example. In Fig. 4(a), a high-resolution excerpt
of the raw AE waveform recorded during one of the identified dis-
placement bursts is overlaid with the corresponding displacement-time
curve. During the burst, the displacement jumps suddenly before the
avalanche ceases. In Fig. 4(b), the time-dependent variation of the peak
power across all frequencies of the AE waveform is shown for the same
displacement burst. It shows that the incoming wave power changes
notably during the displacement burst. Lastly, Fig. 4(c) shows the
normalized power spectral density (PSD) of the waveform, highlighting
that most of the power is concentrated in the range of 40 to 50 kHz
bandwidth.

Two key insights emerge from this analysis. First, the peak fre-
quency remains within a well-defined range throughout the deforma-
tion event, suggesting that the AE signals originate from similar or con-
sistent sources. Second, the power of this peak frequency follows a rise-
and-decay trend, analogous to the foreshock-mainshock-aftershock se-
quence in seismic events. This indicates a systematic evolution of
dislocation activity during a displacement burst.
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Fig. 4. Multi-dimensional analysis of rapid dislocation dynamics during a strain burst
in the D15-2 micropillar. (a) Temporal evolution of the raw AE waveform (left axis)
superimposed with the corresponding displacement-time curve (right axis) during a
single displacement burst. (b) Time-dependent variation of the peak power across
all frequencies. The y-axis is normalized with respect to the maximum value. (c)
Normalized power spectral density (PSD) of the waveform shown in (a), highlighting
a dominant bandwidth of 40-50 kHz.

Accordingly, we introduce a new methodology for studying fore-
shock and aftershock behavior in microscale plasticity by correlating
AE events with displacement bursts. Specifically, only AE bursts oc-
curring within the same displacement burst interval are considered
correlated, as illustrated in Fig. 5(a). In this approach, the filtered
waveform during every displacement burst is subdivided into small
wavelet packets, as schematically shown in Fig. 5(b). Each packet
begins when the AE amplitude exceeds the prescribed threshold and
ends when the amplitude falls below it.

To classify these packets, we first compute their amplitude and
energy. Secondly, the packet with the highest amplitude within a burst
is designated as the mainshock. All packets preceding the mainshock
are classified as foreshocks, and those following it are classified as
aftershocks. This approach allows for a more physically grounded
analysis of dislocation dynamics, enabling us to draw more meaningful
parallels with seismic events.

One potential concern with this definition is that the lower-
amplitude packets following the mainshock might result from wave
reflections off the sample sidewalls. To investigate this possibility, we
calculated the reflection time for both shear and longitudinal waves
to traverse the longest substrate dimension (6.6 mm). Given that the
shear wave velocity in Ni is approximately 3000 m/s [29], a shear
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Fig. 5. Schematic for identification of foreshocks, mainshocks, and aftershocks from
AE measurements during each displacement burst. (a) An excerpt from a representative
filtered AE waveform corresponding to a single burst event, illustrating the classification
of foreshocks (yellow lines), mainshock (black line), and aftershocks (light blue lines).
(b) Enlarged view of the dash-box in (a), showing how each wavelet packet begins
when the AE amplitude exceeds a predefined threshold and ends when it falls below
it. This approach allows for the differentiation of individual events within the same
burst. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

wave would reflect from one side to another in about ~ 2.2 psec,
and for longitudinal waves, with a velocity of ~ 6040 m/s [29], the
reflection time is even shorter. However, the actual waiting times
between foreshocks, mainshocks, and aftershocks are on the order
of milliseconds, which is three orders of magnitude longer than the
calculated reflection times. This substantial time difference confirms
that the observed foreshocks, mainshocks, and aftershocks are not
simply reflections of an AE event from the sample sidewalls. Instead,
they represent distinct dislocation events triggered by sequential stress
redistribution during displacement bursts.

3.2.1. Energy scaling and correlations among mainshocks, foreshocks, and
aftershocks in dislocation avalanches

In this section, we analyze the correlations between the foreshock,
mainshock, and aftershock energies during dislocation avalanches to
gain insights into the nature of energy release during deformation and
quantify their parallels with seismic phenomena.

Fig. 6 shows the correlations between each mainshock energy and
its corresponding foreshocks/aftershocks energies. Data points are col-
ored according to the strain value the displacement bursts occur at.
In Figs. 6(a) and 6(c), we plot the energies of each foreshock or
aftershock, respectively, against the energy of its associated mainshock.
Although scattered, a positive correlation is evident: more energetic
mainshocks tend to be associated with more energetic foreshocks and
aftershocks. This suggests that high-energy dislocation activities tend
to cluster in time. Moreover, most of the high-energy mainshocks occur
at lower strains (bluish data points), while at higher strain values, less
energetic mainshocks predominantly occur (reddish data points). This
observation is consistent with our previously reported strain-dependent
AE energy trend (see [17]).

Figs. 6(b) and 6(d) show the same data, but by plotting the average
foreshock and aftershock energies associated with a single mainshock,
respectively, against the associated mainshock energy. The observed
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trends reinforce the positive correlations, implying a hierarchical pro-
cess of energy release during a dislocation avalanche. Because the
actuator continues to impose displacement during a burst, the resolved
shear stress on the active slip plane does not relax after the largest
packet. Symmetric loading conditions, therefore, would favor compara-
ble foreshock and aftershock energies, in contrast to earthquake faults,
where the mainshock releases most of the accumulated stress.

3.3. A comparative analysis of seismic statistical models applicability to
dislocation avalanches

In this section, we examine further parallels between seismic ac-
tivities and dislocation avalanches by examining the universality of
seismic scaling laws against our AE measurements during dislocation
avalanches. In seismology, correlations in energy release between fore-
shocks, mainshocks, and aftershocks are key to understanding earth-
quake clustering and making predictions of the next event. Analo-
gously, applying the same approach to dislocation avalanches could
enhance our ability to predict slip localization.

3.3.1. The mainshock magnitude-frequency relationship

The Gutenberg-Richter (GR) law is a cornerstone in seismology
for describing the frequency—magnitude distribution of earthquakes. It
states that the number of earthquakes, N, with a magnitude greater
than or equal to M follows an exponential relationship:

logigN =a—-bM (€8]

where a and b are constants [30,31]. This implies that smaller earth-
quakes occur much more frequently than larger ones.

We apply this concept to dislocation avalanches by considering the
AE energy associated with a burst as analogous to the earthquake
magnitude. If the AE energy follows the GR law, we expect a power-
law distribution. Fig. 7(a) shows the probability density function (PDF)
of the AE mainshock energies for all tested micropillars. The data
clearly exhibit a power-law behavior spanning more than three orders
of magnitude, following the form:

P(Eys) & Eyf )

where P(E)s) is the probability density (calculated as described in
Supporting Information Section 2), E,, is the AE mainshock energy,
and « is the power-law exponent. Our analysis yields « = 1.60,
which is remarkably close to the exponent of 1.66 observed in earth-
quakes [6,31,32]. This striking similarity suggests that the processes
governing energy release in dislocation avalanches and earthquakes are
fundamentally analogous.

3.3.2. Temporal decay of aftershocks rates
Omori’s law describes the decay of aftershocks frequency following
a mainshock, and is expressed as:

N@) <t 3)

where N(7) is the rate of aftershocks at time ¢ after the mainshock event,
and p is the decay exponent, which typically ranges from 0.9 to 1.5 for
earthquakes [33,34].

Fig. 7(b) shows how the aftershock rate declines over time for each
mainshock in our experiments. The data closely follow a power-law
decay with an exponent of 1 across three orders of magnitude in time,
which is consistent with Omori’s law (Eq. (3)). This indicates that
aftershocks in dislocation avalanches decay in a manner analogous to
seismic aftershocks.

However, at longer time scales (+ > 0.04 sec), the decay is steeper
(p ~ 3.1), deviating from the classical Omori exponent. This steeper de-
cay indicates a shift in the dominant mechanisms governing aftershock
events at longer time scales within the active dislocation system.
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100t

PDF

D15-1
D15-2
D15-3
D10-1
D10-2
D10-3
D5-1
D5-2
D5-3

| s s

4
10
1072

107! 10° 10!
Mainshock Energy (al)

—_
(=2
[

—_
(=)

—_
(=]
o

_.
<

Largest Aftershock Energy (al)

_.
<
—_—
=
0

10°
Mainshock Energy (alJ)

104
2
<
& 102 ]
=10
Q
o
.ﬁ
o)
8
< 100k 3
on
<
5]
>
<
102 : : : :
10 107 102 107! 10°
Time After Mainshock (sec)
2
10 ' -1.09! -2.06
()  Bt,)oc £,y oc o
D _ 2 _
éj&g@ =095 R*=084
of| = DI5-1 l ]
107¢| = D152 |
=% D15-3 |
2 & DI0-1 a8
,f| D102 !
10| » D10-3 e 3
o D5-1 A
o D5-2 |
o D5-3 | A
-4 ) i
10
1072 10° 10

Waiting Time (sec)

Fig. 7. Statistical behavior of the shocks. (a) Probability density distribution of mainshock energies (E,,s) in dislocation avalanches. The data follow a power-law distribution
similar to Eq. (2) with an exponent a = 1.60, closely matching the Gutenberg-Richter law for earthquakes. (b) Temporal decay of aftershock rates following mainshocks in all
tested micropillars. (c) Correlation between mainshock energies (E,s) and their largest aftershock energies (E,g ) for all tested micropillars. (d) Probability density distribution

of the waiting times (,,) between dislocation bursts for all tested micropillars.
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Fig. 8. Size effects on the acoustic and mechanical response. (a) Total measured AE energy for different micropillar sizes. (b) Total released elastic energy, calculated from the
load-displacement curves, as a function of micropillar sizes. (c) Correlation between displacement burst magnitude (45) and the corresponding AE energy measured during the
burst. The straight lines show best fits to a power-law form E,; « AS”. The colors represent the micropillar size. The red (dashed), black (dash-dotted), and orange (solid) lines
with y = 1.13 and R?> =0.55, y = 1.15 and R?> = 0.61, and y = 1.27 and R? = 0.66 represent fits for the D5, D10, and D15 micropillars, respectively. (d) Mean load-drop magnitude
(AL) during bursts for different micropillar sizes, showing a decrease with decreasing micropillar diameter. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

3.3.3. Ratio of mainshock energy to largest aftershock energy

Béath’s law in seismology states that the difference in magnitude be-
tween a mainshock and its largest aftershock is approximately constant,
typically around 1.1-1.2 [32]. This reflects a consistent scaling in the
energy partitioning between mainshocks and their largest aftershocks.

We examine this relationship by plotting the logarithm of the main-
shock energies against that of the largest aftershock energies, as shown
in Fig. 7(c). The data is observed to follow a linear relationship with a
slope of 1.2, aligning with Bath’s Law.

3.3.4. Waiting time statistics between dislocation avalanches

The distribution of waiting time between dislocation avalanches
provides insights into the temporal clustering and correlation of plas-
tic deformation events. In seismology, waiting times between earth-
quakes exceeding a certain energy threshold are observed to follow a
power-law distribution [32].

A similar phenomenon is also observed in our data on dislocation
avalanches. Fig. 7(d) shows the probability density distribution of
waiting times (¢,,) between bursts. The distribution follows a power-law
relationship of the form:

P(t,) < t;f 4

with § = 1.09 over two orders of magnitude in time. This expo-
nent agrees closely with previously reported values for dislocation
plasticity and also aligns with corresponding measurements in earth-
quakes [6]. The power-law behavior indicates a substantial temporal
correlation among dislocation bursts, suggesting that once one event
occurs, subsequent events are more likely within a certain time frame.

At longer waiting times, however, a deviation from the power-
law behavior is observed, with a steeper decay rate ( ~ 2.06). This

deviation may be attributed to changes in the internal stress state of
the material or the exhaustion of readily available dislocation sources
over extended periods. Such changes can reduce the probability of
subsequent events, leading to a steeper decline in the waiting time
distribution.

3.4. Size-dependent acoustic emission behavior

Fig. 7 demonstrates that the statistical behavior of the displacement
bursts is nearly size-independent, as no clear differences emerge among
micropillars of different sizes. This suggests that the underlying disloca-
tion avalanche dynamics are similar across the micropillar sizes tested
here. However, a more detailed analysis of the acoustic signals reveals
a significant dependence on micropillar size.

Fig. 8(a) shows that the total measured AE energy decreases as
the micropillar diameter decreases, even though smaller micropillars
exhibit higher flow strengths (see Fig. 2(a)). This observation indicates
that the micropillar’s strength is not the primary factor determining the
strength of its acoustic response.

Further evidence for this size effect is shown in Fig. 8(b), which
shows the total released elastic energy (calculated from the load—
displacement curves) for different micropillar sizes. A similar decreas-
ing trend with decreasing diameter is observed, indicating that larger
micropillars release more elastic energy during strain bursts.

Moreover, Fig. 8(c) shows the correlation between displacement-
burst magnitude, AS, and the associated AE energy. Despite consid-
erable scatter in the data, a positive correlation is observed, with
slightly higher exponents for larger micropillars. This suggests that
larger displacement bursts, which are — on average — more prevalent
in larger micropillars (see Fig. S1), generate stronger AE signals, likely
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due to the higher number of available dislocation sources and more
extensive dislocation dynamics.

As shown in Fig. 8(d), the mean load-drop magnitude decreases
with decreasing sample diameter, mirroring the trend observed in AE
energy. The D15 micropillars exhibit higher mean load drops, indi-
cating that the “source strength” (i.e., the magnitude of dislocation
activities) is greater in larger micropillars even though the mean stress-
drop size shows an inverse trend, as shown in Fig. S2. Collectively,
these observations indicate a direct correlation between AE energy
and micropillar size, reflecting how the micropillar size influences the
mechanical response and the energy-release mechanisms during plastic
deformation.

In summary, while the statistical analyses of the bursts show size
independence, suggesting similar avalanche dynamics across length
scales from micrometers to kilometers, both the AE and mechanical
response show significant size-dependent effects. Specifically, larger
micropillars generate stronger AE signals and exhibit larger load drops,
which can be attributed to the increase in dislocation numbers and
activity. These findings highlight the importance of considering sam-
ple size when interpreting AE responses during dislocation avalanche
behaviors in materials.

4. Conclusion

This study bridges the gap between dislocation plasticity and seis-
mic phenomenon by integrating in situ microcompression experiments
with acoustic emissions (AE) measurements, thus drawing insightful
parallels between dislocation avalanches in metals and earthquake
events. By redefining mainshocks based on the bursts observed in
stress-strain curves, we proposed a new approach that correlates AE
signals with distinct avalanche events, offering clearer insights into the
onset, evolution, and interactions of dislocation avalanches at the mi-
croscale. Through detailed waveform analysis and the identification of
high-energy wavelet packets, we distinguished mainshocks from their
associated foreshocks and aftershocks, revealing a cascading pattern of
plastic deformation. This perspective goes beyond traditional stress—
strain analyses by highlighting the temporal correlations inherent in
dislocation dynamics.

Our results also show a complex relationship between micropil-
lar size and its mechanical and acoustic responses. Although larger
micropillars exhibited stronger acoustic emissions, demonstrated by
higher AE energies and larger load drops, the underlying behavior driv-
ing acoustic emissions and dislocation activity were analogous across
different scales. We further demonstrate that the energy relationships
among foreshocks, mainshocks, and aftershocks exhibit scaling behav-
iors similar to those in seismic events, with power-law distributions
conforming to established earthquake laws, including the Gutenberg-
Richter and Omori laws. Nevertheless, deviations at longer time scales
suggest shifts in the mechanisms driving aftershock activity, indicating
a need for further investigation.

These findings underscore the universality of avalanche dynam-
ics across disparate scales and systems. By showing that dislocation
avalanches follow similar statistical laws to seismic phenomena, even
sharing consistent energy ratios of mainshocks to their largest after-
shocks, this work improves our understanding of microscale plastic-
ity and opens up opportunities for further cross-disciplinary research
in materials science and geophysics. Finally, recognizing the univer-
sal patterns in energy release and event correlations in avalanches
can enhance our predictive models of material deformation and in-
form strategies to predict fracture and mitigate failure in engineering
applications.
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