nature communications

Article

https://doi.org/10.1038/s41467-024-51622-0

Uncovering avalanche sources via
acceleration measurements

Received: 31 January 2024

Accepted: 13 August 2024

Published online: 29 August 2024

M Check for updates

Emil Bronstein®"’ , Eilon Faran®", Ronen Talmon? & Doron Shilo®'

Avalanche sources describe rapid and local events that govern deformation
processes in various materials. The fundamental differences between an ava-
lanche source and its associated measured acoustic emission (AE) signal are
encoded in the acoustic transfer function, which undesirably modifies the
properties of the source. Consequently, information about the physical char-
acteristics of avalanche sources is scarce and its exposure poses a great chal-
lenge. We introduce a novel experimental method based on acceleration
measurements, which eliminates the effect of the transfer function and distills
the avalanche source. Applying this method to deformation twinning in
magnesium shows that the amplitudes and characteristic times of avalanche
sources are unrelated by a clear physical law. Conversely, the amplitudes and
durations of AE signals are related by a power law, which is attributed to the
transfer function. Using our method, we identify and compute a new feature of
avalanche sources, which is directly linked to the growth rate of the twinned
volume. This feature displays a power-law distribution, implying an unpre-
dicted behavior at dynamic criticality. Simultaneously, the characteristic times
of avalanche sources possess an intrinsic upper bound, indicating a predicted

limit that relates to the underlying physical process of twinning.

Avalanches are impulsive and discrete events that constitute the
response of an abundance of materials during a wide variety of
physical processes?, such as plasticity in metals’” and domain
switching in ferroic materials®®. Knowledge gained by studying
avalanches can provide essential information about the evolution of
transient phenomena at various scales of length and time. For several
decades, avalanche investigations have focused on universal beha-
viors common to all avalanches*°™, Recently, studies of the physical
processes underlying avalanches have been gaining increasing
interest'®. Such studies allowed, for example, the distinction
between avalanches that occur within the same material and during
the same experiment, yet originate from different processes, such as
dislocation movement, twinning, and martensitic transformation®. In
other studies, statistical analyses of measured features of avalanches
enabled extracting physical characteristics of the processes, such as
an upper bound on the velocities of twin boundaries, which is
attributed to a kinetic law""*%,

At the core of a physical process that gives rise to an avalanche
event lies a large strain change that occurs within a microscopic region
during a short time, typically at the microsecond scale, termed ava-
lanche source". Experimental investigations of physical processes
that trigger avalanches necessitate measuring features directly related
to the avalanche sources, which constitutes a major challenge that has
yet to be accomplished. The most prevalent method for studying
avalanches experimentally is the acoustic emission (AE) method, which
is highly sensitive to small and rapid events, and utilizes an acoustic
transducer located on one of the studied sample’s surfaces’**. Com-
monly, studies focus on features of AE signals, such as the amplitudes
and durations, and analyze their distributions and correlations under
the implicit convention that they bear information about the physics of
avalanche sources’*,

The signals measured by the AE transducer are formed by acoustic
waves that travel along the sample from the location of the avalanche
source. However, those waves undergo interference and reflections
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that distort their original properties, resulting in two limitations. First,
similar avalanche sources occurring at different locations within the
sample are likely to produce different AE signals. Second, the signal
captured by the AE transducer is inherently different from its ava-
lanche source".

Mathematically, a measured AE signal is often modeled by a
convolution between the avalanche source and a transfer function. The
latter is influenced by the acoustic path between the locations of
the avalanche source and the AE transducer'**"*, As neither the ava-
lanche source nor the transfer function is explicitly known, even when
the source location is known, the extraction of the avalanche source
based on deconvolution constitutes a double-blind problem. Some of
the efforts made to extract avalanche sources have assumed specific
transfer function models or that all AE signals captured during the
same experiment have the same transfer function, overlooking its
dependency on the location of the avalanche source'***,

In this paper, we introduce a novel experimental method based on
acceleration measurements that has high detection capabilities. The
signals acquired by the accelerometer, comprising a frequency con-
tent different than AE signals, capture meaningful information about
the temporal evolution of avalanches. Using our method, all ava-
lanches detected during the same experiment have a constant transfer
function, regardless of their location within the sample. We present an
analysis method that exploits the constant transfer function and
eliminates its effect while circumventing deconvolution operations.
The combination of the experimental and analysis methods enables us
to reveal and analyze avalanche sources based on measured accel-
eration signals. Particularly, the methods allow for the extraction of the
amplitudes and characteristic times of avalanche sources. The latter is
a key feature that has received limited attention.

We apply the developed methods to deformation twinning in
magnesium single-crystals and find that the uncovered characteristic
times are at the microsecond scale and are bounded by 37 us. These
times are much shorter than the durations of corresponding AE sig-
nals, which obtain values up to several milliseconds. Furthermore, a
weak correspondence between the amplitudes and characteristic
times of the avalanche sources indicates that these features are not
related by a clear physical law. Conversely, the amplitudes and dura-
tions of measured AE signals are strongly correlated, a result that
stems from the effect of the transfer functions and not the avalanche
sources. Thereby, we show that the implicit convention that durations
of AE signals contain information about the source durations is
imprecise. Lastly, we find that the ratio between the source amplitude
and its characteristic time, which is proportional to the average growth
rate of the twinned volume, follows a power-law.

Results

Studied material and physical process

Twinning is a fundamental mode of plastic deformation in solid
materials, particularly in hexagonal close-packed (HCP) metallic ele-
ments and alloys, such as Mg, Ti, Co, and Zr, in which twinning may
surpass dislocation slip and dominates the overall plastic response®.
Magnesium is a suitable test case for studying twinning in HCP alloys,
as it has several twinning systems with low critical resolved shear stress
(CRSS). Particularly, the {1012}(1011) system has a CRSS of 2-5 MPa>>™
and is favored under compression in the basal plane (as applied in this
work), at which basal slip is inactive. Under these loading conditions,
dislocation slip is suppressed due to a much larger Schmidt factor for
twinning compared to slip* .

The twinning process evolves through three main subprocesses:
the nucleation of thin needle twins, their subsequent forward growth,
and their thickening through a sideways motion of the twin
boundaries®***°, The nucleation and forward growth are expected to
produce avalanches, as they occur at very high speeds and can even
surpass the shear wave speed*. More details on the microstructural

evolution of deformation twinning in the samples studied in this
research are presented in the Supplementary information.

The acceleration-based experimental concept

In typical mechanical experiments, the sample is rigidly clamped to the
mechanical testing machine at both ends, thereby prohibiting accel-
erations that are not within the sample. To enable such accelerations,
we attach one end of the sample to a small mass (stage), to which the
accelerometer is mounted, and connect an elastic rod to the other side
of the mass. The natural frequency of the system constituting the
sample, elastic rod, and mass, is fsys € [3, 5] kHz. The accelerometer’s
resonance frequency is facc € [29, 32] kHz, and its cutoff frequency is
fec = 60 kHz. The frequency range up to f. captured by the accel-
erometer corresponds to excitations at the microsecond scale, which
are typical of avalanche events. Therefore, the accelerometer is cap-
able of uncovering the characteristic times of avalanche sources.

An avalanche source is manifested as twinning deformation within
a local microscopic volume AV#(¢). The local avalanche source corre-
sponds to a macroscopic plastic strain change As,(t), averaged over
the sample’s volume V;, through Ag,(f) = e7AV{)/Vs, where €7 is the
twinning strain”. We choose setup parameters at which the wave-
lengths A associated with the frequencies captured by the accel-
erometer, A > ¢;/f. = 96 mm, are larger by more than an order of
magnitude than the sample’s length, L; = 8 mm, where ¢; is the long-
itudinal wave speed in magnesium. For this frequency range, the strain
and stress within the sample can be considered uniform. Conse-
quently, the acceleration measurements are determined by the mac-
roscopic (spatially averaged) strain and stress and are not influenced
by local oscillations arising from acoustic waves comprising higher
frequencies. Thus, the acceleration measurements are expected to be
directly related to the macroscopic plastic strain change Ag,(¢) (see
detailed formulation in Methods).

Evaluation of Ag,(f) via the acceleration-based method grants
access to the temporal evolution and magnitude of the microscopic
source AV{t) at the microsecond timescale. At the same time, the
location of AV(t) within the sample does not influence the accelera-
tion signal, resulting in a constant transfer function for all avalanches.

Measured signals

Six compression experiments (Methods) were carried out, during
which 1648 AE signals and 743 acceleration signals were detected.
Figure 1 shows three examples of acceleration signals, x(¢), and their
power spectral densities, which have high intensities in the ranges fcc
and fys. The ratio p between the intensities summed over the ranges
Jace and fsys changes from 2.9 in Fig. 1a and 2.1 in Fig. 1b to 0.2 in Fig. 1c.
Generally, a shorter duration of a source is expected to result in higher
intensities at high frequencies of the corresponding acceleration sig-
nal. Therefore, p is a measure that facilitates the identification of a
source with a short duration as part of the analysis method pro-
posed below.

The proposed analysis method

Acceleration signals are generated by abrupt changes in the macro-
scopic plastic strain, which is a monotonically increasing function.
Therefore, we model the source s{t) of each acceleration signal i as the
sigmoid function

A; t b;
s;(t)= = tanh <— +c-> + L @
! 2 , ') 2

Here, tis the time, A; and 7; are the amplitude and characteristic time of
the avalanche source, and b; and c; are constants that account for small
shifts.

The measured acceleration signal x«(¢) is described in the time
domain by a convolution between the source function sg¢) and the
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Fig. 1| Measured acceleration signals. a-c Three measured acceleration signals, x(¢), (voltage versus time), and their respective power spectral densities. The ratio p
between the intensities summed over the ranges f,.c and fqy, are indicated in the top right corners.

transfer function. This convolution becomes a simple product in the
frequency domain using the Fourier transform. Thus, for each ava-
lanche i,

X{(w)=Sj(w)H(w), )

where capital and lowercase letters represent respective entities in the
frequency and time domains, H(w) is the transfer function, and w is the
angular frequency. Equation (2) transfers information, frequency by
frequency in the range captured by the accelerometer, from the source
function to the acceleration signal through the constant transfer
function. From (2), the ratio between pairs of measured acceleration
signals Xj(w) = S{w)H(w) and X{w) = Sjw)H(w) becomes the ratio
between their unknown source functions, i.e.,

5@) _ X(@)
5@ X@)' )

If the source S{w) of one measured acceleration signal Xj(w) was
known, the rest of the sources S;(w) could have been uncovered using
Eq. (3). Since all sources are unknown, we model one rapid reference
source SR(w) with a short enough characteristic time according to
Eq. (1). We then choose a reference measured signal Xz(w) that has a
large ratio p between high and low frequency contents, indicating it
was induced by a rapid source, and consider Sz(w) as its source. We
also ensure that Xz(w) has a large amplitude to reduce the effects of
experimental errors.

Such a reference signal Xz(w) can be identified by the measured
right-hand side of Eq. (3) that shows that if, at a frequency w, the
spectrum of the source s,(¢) has a higher intensity than that of s{(?) (i.e.,
ISiw)| > |S{w)]), it manifests in higher intensity in the spectrum of the
acceleration signal x(t) compared to that of x{(f) at the same w

(ie., Xdw)| > [X{w)]). For instance, the signal in Fig. 1b has higher
intensities at f,cc and lower intensities at f;,s than the signal in Fig. 1c
(i.e., alarger p). Hence, the source of the former is faster than the source
of the latter. This result is confirmed in the following.

Thereby, the rest of the source functions can be computed as

Xi(w) ¢
Xr(@)

Si(w)= Sp(w), (4)

where a hat denotes a computed entity. By transforming Eq. (4) back
into the time domain, we expose the source functions $;(¢), fit them to
Eq. (1), and extract 7; and A;.

The parameters of the reference source 5g(¢) in Eq. (1) (i = R for
reference entities) are i, =1us, Ar =1, b =1, and cg = 0 in arbitrary units
(AU), i.e., 5x(t)=0.5+ 0.5 tanh(t /7). We choose 1z = 1 us as this value is
below the time resolution of our measurement and analysis methods,
which can be estimated as} 0 35 = 2.9 us*. Therefore, choosing a smaller
7z will not affect the analySIs as shown in the following. We also show
in the following that the results are insensitive to the choice of 7z in the
range of 1z < 2 us, and choosing a substantially larger 7z leads to
implausible results. The choice of Ag, bg, and ¢z means that all com-
puted source amplitudes A; are proportional to their corresponding
sources of plastic deformation Ag,; and to the transformed volumes
AVr,;, yet are given in arbitrary units since the proportionality factors
are unknown.

Uncovered source functions

Figure 2a, and b show the uncovered source functions §;(¢) of the
acceleration signals in Fig. 1b, c, respectively, utilizing the reference
signal in Fig. 1a. The curves in Fig. 2 display a clear sigmoid function
with minor reminiscence of the prominent oscillations of the signals in
Fig. 1. This validates that the transfer function is practically constant,
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Fig. 2| Source functions. a, b The computed source functions 5;(¢) (solid lines) that
correspond to the acceleration signals in Fig. 1b, and c, respectively. Their fits
according to Eq. (1) are presented in dashed magenta lines. The extracted char-
acteristic times 7; and amplitudes A; are listed.
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Fig. 3 | Statistics of features of avalanche sources extracted from 214 accel-
eration signals detected in one experiment. a, b The complementary cumulative
distribution functions (CCDFs) of the characteristic times 7; and amplitudes A; of
the avalanche sources, respectively. Each curve was obtained based on executing
the proposed analysis with a different reference acceleration signal xz(¢).

and indicates that our method eliminates almost completely the
influence of the transfer function embedded in the measured signals. If
the influence of the transfer function was not properly diminished, the
uncovered sources would not fit the sigmoid function well, and oscil-
lations related to the transfer function would dominate the source
functions. The fit based on Eq. (1) displays a good agreement with the
sigmoid function and provides the extracted values of 7; and A;. Con-
sidering the different p values of the acceleration signals in Fig. 1b, c,
indeed, the signal with the larger p corresponds to the faster source
with the smaller 7;.

Validity and robustness of the developed method
In principle, the transfer function can be influenced by changes in the
sample’s dimensions, the contact between the sample and other
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Fig. 4 | The effect of the reference characteristic time on the characteristic
times of the avalanche sources. a, b The complementary cumulative distribution
functions (CCDFs) of the characteristic times of the avalanche sources, ;. The
values of the reference characteristic time 7z used to obtain the curves, as well as
the amount of the sources corresponding to each curve whose fit to (1) adhere to
adjusted R? above 0.9, are indicated in the legend. The curve marked by the red
crosses is identical to that in Fig. 3a.

mechanical parts, and the exact location of the sample with respect to
the compression axis. Therefore, we assume the transfer function is
constant only for avalanches measured during the same test. Accord-
ingly, for each test, we choose a reference acceleration signal xz(¢)
from the signals captured during the same test, while ensuring that
each xz(t) has a large amplitude and a high p value. First, we demon-
strate the validity of the method and explore the effect of different
choices of xz(f) and 7z by analyzing a subset of 249 acceleration signals
captured during one experiment, utilizing the reference signal
in Fig. 1a.

Among the sources of the 249 acceleration signals, 214 exhibits a
fit with adjusted R? values exceeding 0.9, indicating a robust descrip-
tion of these sources by the sigmoid function in Eq. (1). Almost all of
the remaining 35 sources that do not fit well to Eq. (1) correspond to
signals with amplitudes that are only slightly larger than the noise level
of the experimental system. Concretely, the peak amplitudes of 31 out
of those 35 signals are smaller than twice the threshold.

Figure 3a shows the complementary cumulative distribution
function (CCDF) of the 214 characteristic times 7; in red crosses. To
verify the small effect of the choice of xz(¢) on the results, we repeat the
analysis utilizing two additional reference acceleration signals that
have large p values. The resulting CCDFs (green dots and purple cir-
cles) display very similar trends. In addition, for over 90% of the events,
the largest variation in the computed 7; values is smaller than 6 us. The
same choices of xz(f) have even smaller effects on the CCDFs of the
source amplitudes A; in Fig. 3b, as the three curves are almost identical.
These results testify to the robustness of the proposed analysis
method.

Next, we examine the effects of different choices of 7z on the
characteristic source times, 7;. Figure 4 shows the CCDFs of t; for dif-
ferent values of 7z, where the curve given by the red crosses is identical
to that in Fig. 3a (see legend). For each curve, we report the number of
uncovered sources corresponding to adjusted R* > 0.9. Figure 4a
shows the CCDFs related to 7z = 0.5, 1, 2 us in gray dots, red crosses,
and green triangles, respectively. The number of sources corre-
sponding to adjusted R? > 0.9 related to those t are 211, 214, and 214,
respectively. The choice of 7z to be 0.5, 1, or 2 us is not expected to
result in any practical difference, as those three values are below the
time resolution of our method. Indeed, Fig. 4a supports this, showing
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Fig. 5 | Statistics of features of avalanche sources extracted from 659 accel-
eration signals detected in six experiments. a, b The complementary cumulative
distribution functions (CCDFs) of the characteristic times 7; and amplitudes A; of
the avalanche sources, respectively. ¢ The CCDF of v; = A;/t;, which is proportional

to the average growth rate of twinned volume, dV;/dt. The features A; and v; follow
power-law distributions (dashed red lines) with the exponents a = 1.71 and 1.83,
respectively.

that the CCDFs and number of sources corresponding to adjusted
R?> 0.9 are practically identical. This number slightly decreases to 209
for 7z = 5 us, and the main difference is that its CCDF (black circles) is
narrower compared to the rest of the CCDFs in Fig. 4a.

Figure 4b shows the effect of the increase in 1z from 1 us (red
crosses) to 10 us (blue plus signs) and 100 us (orange asterisks). The
increase of 7z from 1 us to 10 us leads to a similar increase in the
maximal value of 7; from 37 us to 47 us. The existence of an upper
bound of 7; is an important finding, but its accurate evaluation at this
level is of minor importance. At the same time, the distribution cor-
responding to 1z = 10 us is very narrow, where 72% of the data points
are located between 10 us to 20 us, aresult that is extremely atypical of
distributions of avalanche features. The choice of 7z = 100 us cuts the
amount of analyzed sources that have adjusted R* above 0.9 by 35%,
indicating the poor fit in this case. Moreover, the CCDF related to
7z = 100 us presents physically contradicting results. The reference
signal has a large p, and therefore, the majority of the sources should
have 7; that are larger than 7z = 100 us. Yet, all sources in Fig. 4
fulfill 7; <100 us. To conclude, the choice of 7z = 1us is reasonable and
maximizes the number of sources corresponding to adjusted R*> 0.9.

Distributions of source features

Now, we analyze all the acceleration signals detected during six load-
ing experiments on different samples at various stages of the defor-
mation. Application of the proposed analysis yields a total of 659 out of
743 detected acceleration signals with adjusted R* > 0.9 (including the
214 signals discussed above). The vast majority (80%) of the signals
with lower adjusted R? values are small-scale, having maximal ampli-
tudes smaller than twice the threshold. Since all acceleration signals

were captured during the same deformation twinning process in the
same material, we combine the 659 extracted values of 7; and A4; into a
single dataset, which we statistically analyze.

Atypically of many avalanche studies showing features that span
over several decades, the 7; in Fig. 5a span over a narrow range and do
not exceed 37 us. The lower bound on 7; can be attributed to the time
resolution of our measurements (2.9 us), which is determined by the
cutoff frequency of the accelerometer. At the same time, neither the
accelerometer nor the analysis method enforces any upper bound on 7;.
Therefore, the clear cutoffs indicate that the characteristic times of the
source functions are naturally bounded at several tens of microseconds.
The obtained 7; values are in agreement with previous experimental
studies on nucleation and forward growth of needle twins*, and spe-
cifically, nucleation of deformation twins in magnesium single-crystal
under similar shear-resolved stress values®. Those values also match
the characteristic source times of damage events in fiber-reinforced
composites, although a transfer function was assumed and only a
handful of source functions were obtained using deconvolution®.

The amplitudes of the sources, A;, shown in Fig. 5b, follow a
power-law for over two decades (dashed red line), where the exponent
a, computed using the maximum-likelihood method***, is 1.71. We
note that the CCDFs of the 659 1; and A; in Fig. 5a, b behave very
similarly to the CCDFs of the 214 1; and A; in Fig. 3a, b, respectively,
testifying to the robustness of our method and the repeatability of the
results.

Figure 5c shows the CCDF of the ratio v; = Aj/t;. As s{(t) is pro-
portional to the plastic strain change during the avalanche, v; is pro-
portional to the average strain rate de,/dt based on Eq. (1). In
deformation twinning, v; is also proportional to the average growth
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Fig. 6 | Relationships between measured features of acoustic and acceleration
signals and between computed features of the avalanche sources. a, b The
relationships between the amplitudes A and durations D of measured AE and
acceleration signals (subscript acc), respectively. The red lines present power-law

behaviors, where a denotes the exponent. ¢ The relationship between the calcu-
lated amplitudes, A;, and the calculated characteristic times, ;, of the avalanche
sources. The Pearson correlation coefficients, r, of the plotted features, are indi-
cated in the top left corners.

rate of the twinned volume, dV7/dt, thus providing direct information
about the dynamics of this physical process. The CCDF of v; displays a
broad distribution that follows a power-law over two decades with
an exponent of 1.83, computed using the maximum-likelihood
method***.

Relationships between amplitudes and durations

Figure 6a, and b depict the maximal amplitude (4) versus duration (D)
of the measured AE and acceleration signals, respectively. The dura-
tion D is defined as the time difference between the first and last
threshold crossings of the signal for 100 us™** (see illustration in
the Supplementary information). Common analyses focus on data
points with large A and D, which are less affected by measurement
noise, and are strongly related to each other through a power-law
(although, often within a narrow range of less than a decade)’***°. Our
measured data display similar power-law behaviors (red lines)
with exponent values of a = 1.34 for the AE data in the range 50 < Dpg <
2000 ps and a = 2.06 for the acceleration data in the range 500 < D, <
6000 us. These exponents are within the range of values reported in
the literature, spanning from 1.14 to 2.557242627304647,

The plot of A; and t; depicted in Fig. 6¢ displays a behavior sub-
stantially different than that in Fig. 6a, b. First, the 7; in Fig. 6¢ are
smaller by orders of magnitude than most signal durations in the
analyzed range, implying that the signal durations are not repre-
sentative of the source durations. Further, Fig. 6a, and b display high
Pearson correlation coefficients, r, of 86% and 80%, respectively, while
Fig. 6¢ displays a very low value of r = 8%. Indeed, the values of A; are
broadly scattered over several decades for the same values of 7;.

The weak correlation and broad scattering between the ampli-
tudes and durations of avalanche sources highlight that these ava-
lanche features are unrelated by a clear physical law. Contrarily, the
strong correlations between the amplitudes and durations of AE and
acceleration signals indicate that these measured features are related
by a physical law. However, this law originates from the effect of the
transfer function, which is embodied in the measured signals, and not
from the avalanche sources. Reasoning for these results is offered in
the Supplementary information.

We further explore the relationships between features of mea-
sured AE signals and avalanche sources. To this end, we consider
avalanches that generate both AE and acceleration signals. We identify
these signal pairs according to their onset times, allowing an onset
time difference of up to 30 us. In contrast, the average time difference
between signals detected before and after the onsets of corresponding
signals in the AE-acceleration pairs is over 6 s. Out of the 659 accel-
eration signals discussed in the previous paragraphs, 561 were also
accompanied by AE signals.

Figure 7a shows A;, computed based on the acceleration signals,
versus Aag of the AE signals induced by the same avalanches. In the
range 0.08 < A < 4.5 mV, A; increases with the increase in Axg
according to A; « (Asp)%*, and r = 28%. Generally, this almost linear
trend is plausible, as strong AE signals can be expected to be induced
by large avalanche sources. However, on the level of individual ava-
lanches, the value of Asg corresponds to values of A; scattered over a
decade or more and their correlation is weak, indicating the amplitude
of the avalanche source cannot be predicted from the amplitude of the
AE signal.
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Fig. 7 | Relationships between features of the acoustic signals and the ava-
lanche sources. a The relationship between the amplitudes of the sources, A;, and
the measured AE signals, Axg. b The ratio between the amplitudes of the sources
and the measured AE signals, Axg/A;, versus the characteristic times of the sources,
7;. The red lines present power-law behaviors, where a denotes the exponent. The
Pearson correlation coefficients, r, of the plotted features, are listed.

Figure 7b presents the ratio between the amplitudes of the AE
signals and the sources, Axg/A;, versus the characteristic source times
7;, which reveals an interesting dependency. The ratio Aag/A; is not
constant for every value of 7;, but rather depends on it, and particularly
decreases with the increase in 7;. This trend is plausible, as slower
sources with larger 7; are expected to generate less intensities at high
frequencies, particularly at the frequency range captured by the AE
sensor. Considering the range 2<7<18 pus, the relation (A,g/A;) x
(t;)"13* and r = - 45% hold. This dependency further shows the lack of
the ability to predict A; from Axg, as they depend on the characteristic
source time ;.

Discussion

The introduced method employs measured acceleration signals to
uncover avalanche sources and extract their three informative fea-
tures: 7;, A;, and v; = A/1;.. The characteristic times 7; directly describe
the temporal evolution of the avalanche sources. The amplitudes A;
and ratios v; are proportional to the magnitudes and average rates of
the plastic strain bursts during the avalanches, respectively. These
features constitute a new type of knowledge that paves the way for
investigating the dynamics of various avalanche-dominated physical
processes at the micrometer and microsecond scales.

The distribution of v; in magnesium is profoundly different than
that of the equivalent parameter dV;/dt measured during twinning in
Ni-Mn-Ga, which is bounded by a cutoff value related to a kinetic law".
This difference can be attributed to differences in the evolution
mechanisms of twinning. In magnesium, twinning evolves by numer-
ous events of twin nucleation and forward growth* (see also the Sup-
plementary information), while in Ni-Mn-Ga, twinning typically evolves
through sidewise motion of a single twin boundary***%, While sidewise
twin boundary motion is described by well-defined kinetic laws'®***°,
twin nucleation and forward growth are far-from-equilibrium pro-
cesses that often do not follow a single kinetic relation*. Indeed,

power-law distributions are often explained as a consequence of
dynamic criticality"*~*%. Roughly, this is a far-from-equilibrium state in
which the dynamics of the process are unpredictable.

The power-law distributions of A; and v; indicate that these fea-
tures are scale-free. At the same time, the exponent values of these
distributions (1.71 for A; and 1.83 for v;) deviate significantly from the
predictions of the mean-field theory™**, indicating that the twinning
process is not universal. There are several examples of processes that
are scale-free yet material-specific, e.g., dislocation rearrangement in
Au and Nb microcrystals'®. Further, the narrow and bounded dis-
tribution of 1; is not scale-free and has a well-defined mean, which is
expected to be related to a material feature. For example, micro-
structural properties such as the thickness and separating distance of
freshly generated twin lamella are widely scattered yet bound to a
range of approximately a decade (see an example in the Supplemen-
tary information and more details in ref. 54). Future studies can aid in
resolving this contradicting coexistence, as well as in revealing the
origin of the inherent upper bound on 7;.

In contrast to the implicit convention, we showed that the dura-
tions of AE signals do not bear information about 7;. Instead, those
durations can be longer than 7; by several orders of magnitude, and
strongly depend on the amplitudes of the AE signals, while the ana-
logous source features 7; and A; are unrelated by a clear physical law.
We explain these shortcomings as a by-product of the acoustic transfer
functions, whose influence on measured AE signals calls for further
exploration.

Methods

Sample

A magnesium single-crystal of 99.99% purity (Princeton Scientific
Corporation) was cut into cuboid samples with the dimensions of
approximately 1.5 mm x 0.6 mm x 8 mm. The large 1.5 mm x 8 mm
faces of the cuboid coincide with the {0001} basal plane of the hex-
agonal close-packed structure. The 1.5 mm x 0.6 mm end faces coin-
cide with {1010} prismatic planes. The samples were uniaxially
compressed along the 8 mm axis of the cuboid, i.e., in a direction
perpendicular to one of the prismatic planes. These loading conditions
favor the formation of {1012}(1011) extension twins*****, In-situ
visualization of one of the 1.5 mm x 8 mm faces verified that twin-
ning dominates the deformation of the crystal through subsequent
nucleation of extension twins. Overall, we performed six loading
experiments on different samples at various stages of the deformation.

Experimental details

The sample is placed between the acceleration and AE measuring
apparatuses, all aligned along the loading axis. The acceleration mea-
suring apparatus consists of the accelerometer, an aluminum stage,
and an elastic rod. The AE measuring apparatus consists of the AE
sensor, a mechanical spring, and an AE housing. An illustration of the
experimental setup appears in the Supplementary information.

The bottom surface of the sample is in contact with the aluminum
stage, to which the accelerometer (Kistler 8640A50) is attached. The
stage is placed on the elastic rod, which rests on the stationary surface
of the testing machine (INSTRON 5966). The top surface of the sample
is in contact with the AE housing, comprised of an AE sensor (Fujicera
1045S) and a mechanical spring that ensures the sensor is subjected to
a constant load. The AE housing is rigidly connected to the moving
bridge of the testing machine. Compression loading is carried out at a
constant bridge velocity of 0.005 mm/min, corresponding to a strain
rate of 107 s™. Both the acceleration and AE signals were simulta-
neously acquired at 10 MSa/s/ch by a Vallen AMSY-6 acquisition sys-
tem. The acquisition system captures signals whose peak amplitudes
exceed predetermined thresholds, which were set to 25.6 and 67.2 dB
for the AE and acceleration signals, respectively (note that the AE and
acceleration sensors have different amplifiers).
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The values of the total moving mass, m, and the stiffness of the
elastic rod, k,, are chosen to meet two essential conditions. First, the
stress in the elastic rod is small enough such that no avalanches ori-
ginate from it. Second, the natural frequency of the overall spring-mass
system (fsys € [3, 51 kHz) is high enough, such that acceleration signals
decay within a few milliseconds, allowing a clear separation between
consecutive avalanches.

The internal structure of the accelerometer includes piezoelectric
bending beams and a small mass, leading to a frequency response that
is inherently different than that typical of broadband AE sensors. It is
comprised of three regions: a flat region up to the resonance fre-
quency, a narrow resonance at approximately f... € [29, 32], and a
sharp decay in the gain above the resonance frequency that leads to a
cutoff at approximately f. = 60 kHz. The oscillations at the frequencies
Jsys and focc do not influence the AE measurements due to the higher
bandpass frequencies of the AE sensor (100-1500 kHz) and its filter
(95-850 kHz).

Analytical description

The displacement u, velocity i, and acceleration i of the total moving
mass, m, which includes the accelerometer and the stage, follow the
equation of motion

mit=F, —F;, —cu, )

where F,and F; are the forces applied by the elastic rod and the sample,
respectively, c is the damping coefficient, and m = 14 g (see the free-
body diagram in Supplementary Fig. 1). In the absence of avalanches,
the system responds at a slow rate, such that it =0, i is negligible, and
F, = F.. Due to an avalanche generated by an avalanche source, the
force equilibrium is violated and the acceleration and velocity are
non-zero.

In the following, we express the terms in Eq. (5) as the differences
Au, AF,, and AF; with respect to the equilibrium condition that was
fulfilled right before the avalanche onset. During the short time at
which 20, the displacement applied by the mechanical testing
machine is negligible, such that ALy = Au and AL, = —Au, where the
former and latter are the length changes of the sample and elastic rod
due to the displacement Au (Supplementary Fig. 1). For the elastic rod,
AF, = kAL, = —k,Au = —(Y,A /Lo )Au, where Y, = 69 GPa, A, =0.251d?,
d, =3 mm, Lo, = 25 mm are the respective Young’s modulus, cross-
sectional area, diameter, and initial length of the aluminum rod having
a solid circular cross-section. To express AF;, we express the macro-
scopic strain change in the sample as the sum of the elastic and plastic
strain changes, respectively, i.e.,

AL, Ao
= +
Lo, 7, Ae,, (6)

where Lo =8 mm and Y; = 42 GPa are the sample’s initial length and
Young’s modulus, respectively, and Ao is the stress change with
respect to the equilibrium condition right before the onset of the
avalanche. By writing AF; = AdAs and substituting Ao from Eq. (6),
we obtain AF; = AoAg = kAL — YAAs,, where kg = VAL and
As = 0.9 mm?. Substitution of the expressions for AF, and AF; into
Eq. (5) provides

mAi+cAi+ (k. +k)Au=Y A Ae,,. 7

By dividing Eq. (7) by m, as well as denoting the natural frequency of

the system as wg, =21f s =+/(ks +k,)/m, and the damping ratio by
{=c/(2mwsys), we have

i o+ 02
A+ 20wy Al + gy

Au=YAAe,/m. )]

The right-hand side of Eq. (8) represents the excitation, i.e., the source
function s(f) in (1), which is only influenced by the plastic strain
change As,,.

Equation (8) describes the motion of the mass to which the
accelerometer is attached. The measured acceleration signal is more
complex than Aua due to the resonance vibrations of the internal
components of the accelerometer. The overall transfer function of the
acceleration measurements, h(t), is affected both by the parameters of
the sample, elastic rod, and mass encoded in Eq. (8), as well as by the
frequency response of the accelerometer. As neither Eq. (8) nor the
frequency response of the accelerometer is influenced by traveling
acoustic waves or by the location of the avalanche source within the
sample, h(¢) is constant for all avalanches measured during the same
experiment.

Avalanche cascade

Many studies pointed to the possibility that a local plastic deformation
event triggers another local event>*'°, In this case, the time difference
between those events must be smaller than the time required for
acoustic waves to travel back and forth along the sample, Aty aves = 2L/
¢, = 2.8 us, where L; = 8 mm is the sample’s length and ¢; is the long-
itudinal wave speed in magnesium. The time resolution of our method
(2.9 us) practically equals Atyaves. Therefore, in our experimental
setup, such events coalesce into a single avalanche with a character-
istic time 7; that includes both events. Thus, cascades of avalanches
that trigger each other are captured in our measurements as a single
event. Avalanches that appear at time differences longer than
T; > Aty aves Clearly represent separate events, and are accounted as
individual events in the analysis. In our measurements, most time
differences between consecutive avalanches are on the order of sec-
onds, thus their acceleration signals are distinctly separated.

Analysis details

To calculate the quotient on the right-hand side of Eq. (4), both signals
must have the same number of sampled points. To meet this condition
for all detected signals, we define a common length L. = 150, 000,
which is larger than the longest captured acceleration signal, and pad
with zeros the entries beyond each signal’s last sampled point and up
to L.. The concatenated zeros at the end of a signal merely allow the
division in Eq. (4) and do not affect the extraction of the sources that
occur in the vicinity of the onset of a signal. In addition, we restrict
w = 2mf inthe quotient of Eq. (4) to 0 <f< 60 kHz, in accordance with f,
(see Fig. 1).

To extract the characteristic times 7; and amplitudes A; of the
source functions, we focus on time-segments of s;(¢) that are in the
vicinity of the rise of the reference source $x(¢) by considering windows
of [ — w/2, w/2] centered at t = 0, which is defined as the time corre-
sponding to the maximal slope of $;(¢). Then, we fit Eq. (1) to $;(¢) within
the interval [ - w/2, w/2]. We repeat the fitting process for each com-
puted source with varying windows w = 40, 100, 200, 300, 400, 600
ps, and choose the 7; that corresponds to the w that produces the best
fit (highest adjusted R? value) while adhering to the condition w > 6t;.
This condition ensures that a large enough time-segment of §;(t) is
considered in the fitting process.

Data availability
Source Data files have been deposited in Figshare under accession
code®.
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