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ARTICLE INFO ABSTRACT

Keywords: Unraveling the complexities of metal deformation requires a deep understanding of dislocation dynamics
Dislocations and their intermittent behavior. Here, high-resolution acoustic emissions (AE) measurements during in situ
Acoustic emissions microcompression of Ni single-crystal micropillars are used to reveal new insights into the rapid deformation
Plasticity

dynamics of dislocation avalanches. Spectral analysis of the AE signals uncovers multiple short waves during
individual strain bursts, exposing a rich landscape of intermittent plasticity that was previously hidden. Our
analysis identifies distinct acoustic signatures that correlate with various stages of deformation: early-stage
large avalanches generate strong AE bursts, while later stages characterized by denser dislocation networks emit
AE signals of lower amplitude. Notably, given the used sensor, a consistent AE frequency band ranging from
30 to 50 kHz is observed across all recorded avalanches, directly linking this spectral feature to the kinematics
of dislocations moving through the crystal lattice. These findings provide a non-destructive characterization
approach of dislocation dynamics during the deformation of bulk metals and establish quantitative connections
between defect dynamics and macroscopic deformation behavior. More broadly, this work highlights the
potential for AE-based techniques to provide insights into the fundamental mechanisms of plasticity in
crystalline materials.

In situ microcompression testing

1. Introduction Fortunately, when activated, these local contributors produce sud-
den local changes in the elastic strain, generating high-frequency elastic
stress waves in the material known as acoustic emissions (AE) [17].
These waves can be detected using surface piezoelectric sensors at a
sub-microsecond resolution. Hence, AE can provide access to previously
elusive intermittent plasticity dynamics. In addition, the features of
these waveforms are source-dependent, allowing the decoupling of tem-
porally overlapped deformation activities [18-24]. However, applying
this technique to investigate the microscale behavior of metals poses
challenges due to the low signal-to-noise ratio (SNR), making it difficult
to distinguish genuine waves from background noise. As a result, only

In crystalline materials, plastic deformation is governed by the
microscopic dynamics of dislocations — linear defects that glide due to
the slip of atoms through the lattice — allowing a solid to permanently
change its shape (i.e., plastically deform). As metals deform, disloca-
tions multiply, interact, and self-organize into complex structures, con-
trolling a remarkable diversity of mechanical, magnetic, optical, and
electric properties [1-5]. Hence, there is a dire need to link macroscale
plastic flow to the microscopic dynamics of these dislocations [6].

The hallmark of plasticity at the microscale is its intermittent na-
ture [7]. This behavior results from the rapid motion of groups of

dislocations, known as dislocation avalanches. The classical ways of
studying avalanches’ dynamics relying on studying the far-field vari-
ables, such as stress and strain, have resulted in significant under-
standing of intermittent plasticity [8-13]. Nevertheless, the far-field
mechanical response represents an ensemble average of local con-
tributors (e.g., dislocations motion, cracks initiation or propagation)
throughout the material volume [14,15]. Therefore, gaps remain in
understanding the underlying mechanisms using these methods ow-
ing to the temporal overlap of different mechanisms, and to the low
resolution (ms) — which are usually associated with mechanical in-
struments — compared to the fast dynamics occurring on microseconds
timescale [16].
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a few attempts were presented in recent literature [25,26]. Yet, these
reports did not make use of the full potential of the AE capabilities,
e.g., spectral analysis.

In this study, we synergistically combine high-resolution AE mea-
surements with in situ scanning electron microscopy (SEM) microcom-
pression of Ni single-crystal micropillars. By directly measuring AE
during deformation, we aim to unravel the complex interplay between
dislocation dynamics, stress redistribution, and their AE features at
an enhanced temporal resolution compared to previous studies [12,
27-30]. By correlating the distinct features of the AE signals with
the dislocation activities inferred from the concurrent stress—strain
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Fig. 1. A schematic and a real image showing the used experimental setup. The actuator moves the diamond tip to compress the micropillar. Once the micropillar starts deforming,
AE waves are generated causing surface displacements. The AE sensor detects these surface displacements and converts them into a voltage signal. The inset to the right shows
the flat-ended conical diamond tip as well as micropillars that were FIB milled into the top surface of the sample.

response, we can establish unique acoustic signature characteristics of
different deformation stages.

2. Material and methods
2.1. Material

The material used in this study is a single-crystal Nickel (Ni) with
99.999% purity obtained from Goodfellow Corporation, USA. The
obtained Ni bar was cut into a cuboidal specimen with dimensions
3.3 x 3.3 x 9.0 mm? using wire electrical discharge machining (EDM).
One of the cuboids was then mechanically polished to a 6 pm finish on
all sides with metallurgical paper, then heat treated at a temperature
of 1365 °C in Argon at a back pressure of 1 psi for 2 weeks to reduce
the initial dislocation density in the material, resulting in an initial
dislocation density of 3.75 x 103 m~2 [10].

The cuboidal specimen was then sectioned using wire EDM to
produce a parallel-sided sample with its top surface having a plane
normal parallel to the [352] crystallographic direction. The top surface
of the parallel-sided sample was then mechanically polished, and elec-
tropolished to remove any damage. All details of the thermal annealing
and polishing are described in [10].

2.2. Micropillar fabrication

Micropillars were fabricated into the top surface of the Ni parallel-
sided sample for subsequent microcompression experiments. The mi-
cropillars were fabricated using the annular-milling technique with a
Thermo Scientific Helios G4 UC Focused Ion Dual Beam (FIB) at 30
kV [31]. This is a multi-step procedure in which trenches with rough
edges are first fabricated using a large beam current (47 nA), then the
current is gradually decreased as the micropillar geometry approaches
the desired final geometry. The final FIB milling was performed at
a beam current of < 2.5 nA. This approach was chosen to minimize
tapering, Ga-ion damage in the near-surface region of the micropillar,
and to achieve a higher accuracy finish.

Micropillars with 10 pm diameter, referred to hereafter as the
D10 were fabricated into the Ni sample top surface. For clarity, only
three micropillars are discussed in this work, however, the rest of
the micropillars followed similar trends. The fabricated micropillars
had a taper angle less than 3° and a height-to-diameter aspect ratio
of ~ 3-3.3. The axis of all micropillars was oriented along the [352]
crystallographic direction as shown in Fig. S1. This was the loading
direction used for all subsequent experiments. This orientation was
chosen to achieve single-slip deformation under uniaxial compression
loading. The Schmid factor for the associated primary slip system in
this case is 0.45, while the next highest Schmid factor for other slip
systems was 0.34.

2.3. Experimental setup

In situ uniaxial micropillar compression experiments were per-
formed inside a Tescan Mira3 Scanning Electron Microscope (SEM)
coupled with an acoustic emissions detection system. Fig. 1 shows
a schematic for the experimental setup that was developed for this
study. In the following, we summarize the micro-mechanical loading
methodology and the acoustic emission sensing.

2.3.1. In situ micro-mechanical loading

The uniaxial micropillar compression experiments were conducted
using a Nanomechanics (now a subsidiary of KLA Corporation) In-
SEM cradle with an InForce 1000 actuator (1 N load cell), that is
mounted on the SEM stage. The cradle has a micro-positioner stage
on which the sample is mounted. The actuator is equipped with a
conical-shaped diamond tip with a flat end having a 25 pm diameter
that would interface with the top surface of the micropillars during the
microcompression tests. The actuator was operated in a load-controlled
mode with a loading rate of 0.16 mN/s and a data acquisition rate
of 600 Hz. In the current load-controlled methodology, the applied
loading rate on the specimen F, equals the actuator-imposed rate F;
minus the rate overcoming instrument stiffness K, i.e., F, = F; - K; D,
where D is the platen displacement rate. When a dislocation avalanche
activates, the plastic strain rate scales with mobile dislocation density
and velocity [32]. This results in a larger deformation rate in the
micropillar, and subsequently increasing D. During the avalanche, the
higher D will result in a lower loading rate F, in the micropillar. If the
avalanche plastic strain rate is sufficiently high, F, becomes negative
and the stress decreases, which is commonly referred to as a stress
drop [33]. Simultaneously, a jump is seen on the strain-time curve,
referred to as a strain burst.

2.3.2. Acoustic emissions sensing

Acoustic emissions were recorded during the microcompression ex-
periments using a commercial PICO piezoelectric sensor, 2/4/6 pream-
plifier, and a PCI-2-based data acquisition system available from Phys-
ical Acoustics Corporation (Mistras).

To couple the AE detection with the in situ micropillar experiments,
various modifications had to be made to the conventional AE mea-
surements for bulk experiments. In conventional AE setups, there is
usually a large stimulus and various AE sources active at any given
point in time. However, in the current experiments, the deformation
being sensed is at a very localized region of the material. Also, the loads
applied are relatively small (<50 mN). With this in mind, the AE sensor
was mounted directly under the sample, which represents the most
direct path for sensing the generated acoustic waves with minimum
attenuation and without any interference with the electron beam used
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for imaging. To further reduce signal attenuation between the Ni bulk
sample and the AE sensor, vacuum grease was applied between the
sample and the sensor.

An ad-hoc fixture was used such that the AE sensor is fixed to both
the InSEM cradle and the Ni sample. A custom ring clamp was designed
to hold the sample in place from its side faces. In this way, the sample’s
bottom side can be in direct contact with the sensor throughout the
experiment (see Fig. 1). This is achieved through a set of four horizontal
screws in the ring to hold the sample from the side (away from the
location of the micropillars) and the ring is then clamped to the InSEM
cradle base through a set of four vertical screws.

Early experiments (not reported in this article) were performed
using a Physical Acoustics HD2WD wide-band sensor. It was concluded
from these experiments that the frequency ranges corresponding to
deformation events were at low frequencies. Hence, a Physical Acous-
tics PICO sensor with a narrower bandwidth was selected to perform
the experiments, aiming for a higher SNR. Note that the used sensor’s
resonance frequency is 460 kHz, as per the manufacturer data sheet.

AE waveforms were recorded with an acquisition rate of 2 MHz.
Afterward, for the purposes of quantitative analysis, waveforms were
converted to a “hit” construct using a Hit Definition Time (HDT) of 100
ps and Hit Lockout Time (HLT) of 10 ps. Details of conversion from
waveform to hit-based construct can be found in the AE waveforms
processing section. A preamplifier with a gain of 60 dB was used to
amplify the signal before being read by the data acquisition board.
To determine the noise threshold for each sample, different threshold
values were tested, and the chosen one was the minimum such that no
hits were captured during the elastic loading regime, i.e., just above the
level of the background noise. The time synchronization between AE
and InSEM systems is detailed in the Supporting Information Section
2. Table S1 in the Supporting Information summarizes the different
parameters used in the data processing.

2.4. Data analysis

2.4.1. AE waveforms processing

AE waveforms were recorded during the experiments with no real-
time processing. Next, the waveforms are processed using MATLAB
to enhance the SNR ratio. Bandpass filtering is used to filter out the
frequencies that constitute the major portion of the background noise
and have minimal contribution during the deformation events.

To accurately define this narrow frequency range corresponding to
deformation, the following procedures were performed sequentially.
First, two segments of the waveform are extracted, one segment during
the early elastic regime, where there is no presence of any bursts.
Hence, the recorded signal is the overlap of waves from different
noise sources (e.g., ambient noise of the SEM chamber and acquisition
board noise). The second waveform segment is extracted out of a time
interval around the waveform’s peak amplitude during the experiment,
i.e., at the time when the deformation activities are most active. Next,
the power spectra of both signals are computed, plotted, and com-
pared. Most of the power spectrum was found to overlap with minimal
differences. This is expected since signals resulting from dislocation
avalanches are very weak compared to the background noise. However,
after subtracting the power spectrum of the pure noise signal from
the one during the deformation events, we define a frequency range
at which the two signals are significantly different, i.e., a frequency
bandwidth that is dominant during deformation and absent in the pure
noise waveform, see Fig. S5. Hence, this narrow range is selected to
be the bandpass range. Fig. 2 shows the waveforms before and after
filtering. The noise background amplitudes after filtering are lower,
and weak spikes (highlighted with yellow arrows in the figure) are
identified in the filtered signal which were formerly buried under
the noise in the raw signal. The filtered waveforms were used for
the quantitative analysis (e.g., AE energy and amplitude calculation)
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only. Raw waveforms were used in the spectral characterization of the
deformation activities to avoid any influence from the bandpass filter.

To quantitatively analyze the waveform features, filtered waveforms
are processed and transformed into a hit-based data set by using
NOESIS software [34]. NOESIS is a software designed for advanced
acoustic emission data analysis, pattern recognition, and neural net-
works, developed by Mistras Group Hellas ABEE, Athens, Greece. The
version used for all the analyses in this work was NOESIS Essential 9.0.

A hit is a portion of the detected waveform when the waveform
amplitude exceeds a predetermined threshold. This threshold is chosen
to be above the noise level to avoid incorporating noise signals in the
subsequent analyses. In this work, the threshold for detecting AE hits
was set to minimize false hit detection during elastic deformation. As a
result, multiple threshold values were tested, and the selected threshold
is the lowest value that does not register any hits during the elastic
loading phase. Several acquisition parameters should be determined to
transform the waveform into a hit-based data set. These parameters are
Hit Definition Time (HDT), Peak Definition Time (PDT), Hit Lockout
Time (HLT), and the threshold. The process of hit recording operates as
follows. When the sensor detects a signal that surpasses the predefined
threshold, a hit is triggered, initiating the recording process. As the
signal reaches its maximum amplitude, the system waits for the PDT. If
a higher amplitude is detected before the PDT elapses, it is recorded
as the new maximum, and the system resets the PDT. If no further
peaks are detected within this period, the current peak is registered
as the peak amplitude. Following each threshold crossing, the system
enters the HDT phase. If no additional crossings occur during this time,
the last recorded time is marked as the end of the hit. Subsequently,
the system enters the HLT phase, during which it temporarily stops
signal acquisition until the next threshold crossing is detected. Hence,
the “hit” construct helps resolve different events given that they have
a temporal “silent” period in between, i.e., a period at which the
wave amplitudes do not exceed the threshold. Once the waveform
corresponding to a hit is extracted, various features of the wave can
be calculated and stored in a tabulated format for further analysis.

2.4.2. InSEM bursts identification

Strain bursts are manifested as sudden stress drops in the stress-time
curve and sudden strain jumps in the strain-time curve. A MATLAB
script was developed to detect and analyze these strain bursts au-
tonomously. The script relied on identifying the start and the end of
the bursts from the stress drops on a filtered stress—time curve. To avoid
the influence of the instrument noise on the stress drops’ identification
process, a minimum threshold was determined. Only the stress drops
with a magnitude larger than this threshold were considered for anal-
ysis. The minimum threshold was determined as follows: The linear
regime in the stress—time curve was extracted and fitted to a straight
line. Next, the fitted line is subtracted from the raw data, and the stress
variation range around the fitted line is calculated. This was considered
as the instrument noise floor during the test. The threshold was taken
to be higher than the instrument noise, which was 0.05 MPa for all
micropillars.

2.4.3. Binning AE hits to InSEM strain bursts

Fig. 3 shows the binning of the AE hits with respect to their
corresponding strain bursts. Due to the significant differences in the
acquisition rates between the InSEM actuator and the AE system,
multiple hits in the AE data set can fall within a single strain burst. The
shaded area in the figure highlights the start and end of the strain burst
as computed from the stress—-time curves. AE hits that fell within the
highlighted regions were binned together as a single point as follows:
The time of the binned hit was selected to match the mean time of
the strain burst; the hits’ AE energies were summed together, while the
amplitude of the binned hit was calculated as the maximum amplitude
of all the original hits. However, some hits fell outside the strain bursts’
intervals. Those hits likely correspond to small events that were not
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Fig. 2. Waveform filtering examples. (a) A noise waveform before and after filtering. (b) A waveform excerpt during the experiment before and after filtering. The yellow arrows
highlight the peaks that were buried under the background noise and appeared after the filtering process. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. AE hits binning. (a) AE hits before binning where many hits can be seen within a single drop. (b) AE hits after binning where every drop has one value for the AE energy.

detected by the InSEM system. Therefore, those hits were discarded
in the analysis of the correlation between the AE and InSEM features.
The percentage of the sum of the AE hits’ energies that fell inside the
strain burst intervals compared to the sum of all AE hits’ energies was
85 + 7%. This high percentage was considered as a verification of the
effectiveness of the binning procedures.

The definitions of the different AE and InSEM terms and variables
used in the following section can be found in the next section.

2.4.4. Definitions
All AE parameter definitions and calculations are from the NOESIS
software manual [34].

» Burst Velocity (um/s): Average platen velocity of the actuator
during the strain burst.

v=AD/At

where v is the burst velocity, AD is the vertical displacement
moved by the actuator during the burst, and 4r is the burst
duration.

Resolved Burst Velocity (um/s): the average velocity of the burst
on the slip plane.

v, = AD, /At

where v, is the resolved burst velocity, AD, is the displacement
moved by a burst on the slip plane, and 4t is the burst duration.
Exit Dislocation Rate (kHz): the rate of dislocations exiting the
surface of the micropillar during an avalanche as calculated as
follows:

S
b i,

where S is the burst magnitude, b is the Burgers vector magni-
tude, and Xt, is the sum of the durations of the AE hits during
the avalanche. X7, was used instead of Ar of the avalanche
as measured from the loading instrument to make use of the
enhanced acquisition rate of the AE system.
AE Energy (aJ): True energy of the signal on a 10 ke resistor
computed at the sensor.

12
L}g . Z[V(,-)]Z
R-SF-10"20 i
where E, is the energy, R is the resistor in Ohms, SF is the
sampling frequency in MHz, G is the pre-amp gain in dB (60 in

Ejp =
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Fig. 4. The mechanical and acoustic response of Ni single-crystal micropillars during microcompression deformation. (a) The stress-strain curves of tested D10 micropillars. The
numbers after the micropillar size in the caption indicate the micropillar number. The inset shows an SEM micrograph of the D10-1 deformed micropillar, showing the single-slip
response, which is a representative morphology of all the tested micropillars. (b) The displacement, stress, and the corresponding recorded AE filtered waveform versus time for

the D10-1 micropillar. The inset shows a single displacement burst, which was active throughout ~ 5 ms, to highlight the significant difference in the acquisition rates of both
measurement systems. (¢) The measured AE hit energy versus strain. The symbols represent the binned AE hit energies, while the solid lines represent the cumulative sum of the
AE energy. (d) The measured AE energy versus AE amplitude for the tested micropillars. The symbols are color-coded according to the platen velocity as shown in the legend, and
the dashed line is the fitted line for all data points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

all the experiments), and V(i) is the sample point amplitude at
pre-amplifier output (i.e., as is in the data file) in Volts.

» AE Amplitude (mV): Maximum absolute value of the waveform
voltage signal during the hit.

+ Peak Frequency (kHz): The frequency corresponding to the peak
value in the power spectrum obtained from the FFT (Fast Fourier
Transform) of the waveform.

3. Results and discussion

3.1. Temporal correlation of stress—strain response and acoustic emission
bursts

The stress—strain curves of the deformed micropillars are shown in
Fig. 4(a). After the onset of yield, the serrated curves reflect the inter-
mittent behavior resulting from sudden slip bursts as the micropillars
deform. The inset shows a representative postmortem SEM micrograph
of one of the deformed micropillars. All the observed slip traces are
on (111) planes, indicating that the desired single-slip deformation was
achieved. The stress versus time, platen displacement versus time, and
the corresponding AE signal curves for the D10-1 micropillar are shown
in Fig. 4(b). These are representative of all tested micropillars with the
exception that the D10-1 micropillar was unloaded every 3.3% strain
to rule out any loading setup effects on the measured AE. The recorded
AE signal is composed of high-amplitude intermittent bursts superim-
posed on a low-amplitude continuous background. The background
noise originates from different inevitable sources, including the sensor
wires and the acquisition board [35]. In contrast, the high-amplitude
bursts are associated with the intermittent activation of dislocation
avalanches [17,26]. However, several possibilities exist for the source
of these AE waves.

The AE signals can originate not only from deformation activities
but also from multiple sources, such as background noise or the moving
parts of the loading instrument. The loading/unloading every 3.3%
strain experiment was performed to investigate the contribution of
the potential sources other than the deformation of the micropillars
(see Supporting Material Video 1). As depicted in Fig. 4(b), no ampli-
tude bursts are seen till the deviation from the linear elastic regime,
then as the displacement bursts start, the AE bursts start showing
up. Afterward, during unloading and reloading, no AE bursts were
detected — even though the actuator was moving and changing its
direction — until the moment when the stress drops started once again,
i.e., a new deformation event. Moreover, these high amplitude waves
synchronize perfectly with the stress drops in the stress-time plots as
shown in Fig. S2, matching the physical interpretation for the expected
sources of AE waves. This synchronization between the AE bursts and
displacement bursts shows that the AE technique is capable of detecting
the rapid dislocation dynamics associated with intermittent plasticity.
Lastly, since the micropillars are compressed in a single-slip orientation,
no other deformation mechanisms are expected to be active during
deformation other than dislocation avalanches.

Classically, the statistics of dislocation avalanches were computed
by analyzing the displacement bursts or load drops as measured from
the loading instrument [12,27-30,36]. These techniques capture the
far-field temporal average response of the samples without addressing
the individual microscopic events. The inset in Fig. 4(b) highlights the
strength of augmenting conventional microcompression testing with
the AE technique in addressing the complexities of studying intermit-
tent plasticity. The inset shows a strain burst and the limited tempo-
ral resolution of mechanical loading instruments (acquisition rate of
600 Hz or a data point every 1.66 ms) as compared to high-bandwidth
AE system (acquisition rate of 2 MHz, corresponding to a data point
every 0.5 ps). For the shown strain burst, the mechanical instrument
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Fig. 5. Correlating acoustic emission features with deformation burst kinetics. A scatter
plot of the: (a) AE energy during strain bursts versus the burst velocity; (b) Maximum
AE hits amplitude during strain bursts versus the burst velocity; and (c) The AE hits
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lines represent the overall fit of all the micropillars data. Each data point is also colored
according to the strain at which it was detected as shown by the color bar to the right
of each figure. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

was able to sample only three data points, showing a monotonic
increase of displacement during this event. In contrast, the AE system
collected approximately 10* data points within the same time span
(~ 5 ms) displaying several excitations with varying amplitudes. This
enhanced temporal resolution facilitates a more insightful investigation
of the intermittent plasticity phenomena as will be discussed below.

3.2. Dislocation avalanche characteristics from quantitative analysis of the
acoustic emission waveforms

To quantify the dislocation avalanche characteristics from the AE
waveforms analysis, the measured AE waveforms are converted into a
“hit” construct, and the energy and amplitude of each hit is calculated
as detailed in the data analysis section.

Fig. 4(c) summarizes the measured AE energy of the detected hits
versus strain for the tested samples. The overall behavior for the
different micropillars is nearly equivalent; the peak AE energies are
measured at low strain values, and as deformation increases, the peak
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AE energy decreases. This trend is also evident from the cumulative AE
energy curves, which show a decreasing slope with increasing strain for
strains < 10%, after which the curve nearly plateaus. This limit closely
aligns with findings in the literature, which indicate that substantial
densities are present on slip traces after only 11% shear strain, and that
these structures do not undergo significant changes at higher strains.
This suggests that much of the critical dislocation activity takes place
early in the deformation process [37]. The measured AE amplitudes
exhibit a similar trend, with the highest AE amplitudes recorded at
early strains, then decreasing with increasing strains (see Supporting
Information Fig. S3(a)).

Fig. 4(d) shows the AE energy versus the AE amplitude of binned
AE hits during each strain burst, along with the associated platen
average velocity during the same strain burst, hereafter referred to as
burst velocity. The relationship between the AE energies, E,, and AE
amplitudes, A,;, was consistent across the tested micropillars, with
the E,p increasing along with the increase in A,;. The relationship
between E, and A, can be described by a power law of the form
Ep o« A%8)

Figs. 4(c) and (d) also reveal that the dislocation avalanches pro-
ducing the fastest strain bursts tend to originate at early stages of
deformation. These fast avalanches also generate the strongest AE
waves, as evidenced by the higher AE energies and amplitudes asso-
ciated with these events (see Supporting Information Fig. S3(b) for
additional details). This observation suggests that the early stages of
plastic deformation, where mobile dislocation densities are relatively
low and interactions are less frequent, are characterized by more
energetic and rapid dislocation avalanches, which can be effectively
captured by the high-resolution AE technique.

The observed decay in the peak AE energy with increasing strain
provides supporting evidence for some of the classical phenomeno-
logical models of AE from dislocation activities, such as dislocation
glide, acceleration/deceleration, multiplication, annihilation, pinning
and unpinning mechanisms [17,38-58]. Despite the differences in the
functional forms and constants used in these models, they broadly
suggest that the AE amplitude scales directly with dislocation velocity,
while AE energy scales with the square of velocity (cf. [50,54,56,57,59—
62]). This qualitatively aligns with our observation that the highest
AE energies and amplitudes are those associated with highest burst
velocities.

Furthermore, to quantitatively compare the current results with
these phenomenological models, direct comparisons between the AE
features and the burst velocities are shown in Fig. 5. Generally, the
results of all micropillars overlap and show a clear positive correlation
between both the AE energies and amplitudes with the burst velocities.
Fig. 5(a) shows the binned AE hits energy versus burst velocity for the
different micropillars. A large scatter can be seen which can be expected
given the low SNR. However, the data can be fitted to a power law
equation in the form of E,  « v®*%2 (R? = 0.5), which is in agreement
with the model proposed by Miguel et al. suggesting that E,p o« 02,
where v, is the collective velocity of moving dislocations [56].

Additionally, Fig. 5(b) shows the maximum AE amplitude during
a strain burst versus the burst velocity. The data can be fitted to a
power law equation with an exponent of 0.58 + 0.15 (R* = 0.4), which
is lower than the unity exponent proposed by the models suggesting
that A,y « v [57]. Finally, the AE energy versus the released elastic
strain energy, E,;, as calculated from the load-displacement curves for
each strain burst, is shown in Fig. 5(c). The best fit for the data was a
power law equation with an exponent of 0.74 + 0.15 (R? = 0.4). This is
also slightly different than earlier models in the literature that suggest
a linear relationship following E,, = a5 E,;, where a, is a scaling
factor [55].

These slight discrepancies between the experimentally calculated
exponents and those in the phenomenological models can be attributed
to different factors. First, given the wide frequency spectrum of the
generated waves and the limited bandwidth of the sensor, not all the
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Fig. 6. Bursts classification. (a) A scatter plot for the burst velocity as a function of the burst duration for all the tested micropillars. Representative segments of the raw waveforms
and the burst displacements as a function of time for the three burst types: (b) Cl-type, (c) C2-type, and (d) C3-type. The three examples shown in (b)-(d) are from the D10-2

micropillar and are at 0.73%, 5%, and 11.3% strain, respectively.

emitted waves are recorded, i.e., lower total energies are measured
compared to the energy emitted from the source. In addition, owing to
the interaction between the elastic waves and dislocation forests that
evolve as the micropillars are deformed, lower energies are expected to
be measured with increasing strain [39,63,64]. Moreover, as mentioned
earlier, different functional forms and constants were proposed in the
literature for various dislocation activities that may temporally overlap,
leading to an increased scatter. Lastly, the velocity term used in the
theoretical models is the actual dislocation velocity, which is different
than the average dislocation velocity or the burst velocity [65], which
is used in the current analysis.

These factors collectively contribute to the observed discrepancies
between the experimental results and the phenomenological model pre-
dictions. Despite these limitations, the overall agreement in the scaling
trends of AE energy and amplitude with burst velocity and released
elastic energy highlights that the AE technique can capture the essential
features of dislocation dynamics during plastic deformation and can
provide valuable insights into the dislocation dynamics. Future studies
may address these limitations by employing more advanced signal
processing techniques, using multiple sensors with wider bandwidth,
and developing methods for directly measuring dislocation velocities
during deformation.

It is also observed in Fig. 5 that the scatter in the AE energies
spans one or two orders of magnitude for a given burst velocity range.
Nevertheless, this scatter is not random. AE energies measured at lower
strains (blue markers) are consistently higher than those measured at
higher strains (red markers) for the same burst velocity values. This
decay in energy with strain can be interpreted in light of the models
proposing that E, « (v)?p,(A), where (v) is the average dislocation

velocity, p,, is the mobile dislocation density in the avalanche, and (A)
is the mean free path of the dislocations [66]. Both p,, and (A) decrease
with increasing strain [67]. Consequently, a decline in AE energy is
anticipated with increasing strain, even if dislocation velocity remains
constant. Therefore, the results reveal that burst velocity, released
elastic energy, dislocations mean free path, and mobile dislocations
density, all had a clear influence on the released AE energies.

3.3. Bursts classification based on their AE response

Further correlations between the AE waveforms and the burst fea-
tures as a function of the deformation stage are summarized in Fig. 6.
Fig. 6(a) shows the correlation between the burst velocity and the
burst duration for all tested micropillars. It is interesting to note that
fast bursts are always associated with short duration (denoted here-
after as Cl-type bursts), while bursts with long duration are always
slower (denoted hereafter as C3-type bursts). All other bursts display an
intermediate range of velocities and duration (denoted hereafter as C2-
type bursts). Representative AE signatures associated with each of these
types are also shown in Figs. 6(b)-(d). The acoustic and mechanical
response of each of these three burst types reflects different signatures
associated with the different stages of deformation.

At early deformation stages, when dislocation interactions are rel-
atively weak, sudden movement of dislocation avalanches sweep large
areas in short times, resulting in fast displacement bursts and strong
AE waves, leading to distinct large displacement bursts and a sharp
rise in AE wave amplitude over a short time (see Fig. 6(b)). With
continued deformation of the micropillar, the formation of dislocation
entanglements hinders the free motion of dislocations. Consequently,
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Fig. 7. Normalized Power Spectral Density (PSD) of the example bursts presented in
Fig. 6. (a) Cl-type, (b) C2-type, (c) C3-type. The y-axes of all plots were normalized
with respect to their maximum power.

the emitted AE waves for C2-type bursts exhibit smaller AE amplitudes,
less sharp rise in displacements, and longer duration compared to C1-
burst type (see Fig. 6(c)). Here, the relative AE amplitudes are smaller
than their C1 counterparts, indicating lower dislocation velocities [17].
At later stages of deformation, the extensive dislocation entanglements
further reduce the dislocation mean free path and increase the attenu-
ation of the signal [68,69]. Therefore, the lowest AE amplitudes and
more gradual displacement rises are observed, as seen in Fig. 6(d).
Hence, C3-type bursts exhibit significantly longer durations than C1-
or C2-type bursts.

The differences in AE waves’ frequency distributions between C1,
C2, and C3 are highlighted in Fig. 7. The main difference is the relative
power of the 30-50 kHz bandwidth compared to other frequency
ranges. 30-50 kHz bandwidth is more dominant in Cl-type bursts
compared to C2 and C3. The significance of this bandwidth is discussed
in the following section.

3.4. Acoustic emission spectral fingerprinting of dislocation avalanches dur-
ing intermittent plasticity

Fig. 8 shows a representative unfiltered displacement versus time
curve, the associated AE unfiltered waveform, and accompanying fre-
quency analyses before, during, and after a single burst from the
D10-1 micropillar. Note that, similar to the inset of Fig. 4(b), the
displacement curve shows a single displacement burst event with only
one displacement point measured during the burst event. On the other
hand, the AE waveform reveals a clear intermittent behavior for this
displacement burst. This intermittent behavior is characterized by the
activation of multiple short AE bursts, see Fig. 8(a). This is further
clarified in Fig. 8(b), where the spectrogram of the same waveform
is plotted. Discrete and drastic changes in frequency powers can be
seen, indicating the arrival of different signals with very short gaps in
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Fig. 8. Spectral insights into the rapid dislocation dynamics during strain bursts.
(a) A representative raw waveform and the associated displacement versus time for
a displacement burst from the D10-1 micropillar at a strain level of 1.3%. (b) A
spectrogram of the waveform showing the frequency change as a function of time.
The spectrogram was created using MATLAB “pspectrum” command with a 0.1 ms
time resolution. (c) The normalized maximum power, P,,., among all frequencies as
a function of time. The yellow arrows point to different peaks in power during the
displacement drop, and the pink-shaded regions highlight areas where the power is
~ 0 (indicating random noise). (d) The peak frequency in the waveform versus time.
The x-axis is re-scaled in all figures to start after 60.7209 s on the absolute time scale
of the experiment. The time was normalized here to highlight the short duration of the
activity (~ 3 ms). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

between. The relative change in the maximum power, P,,,, within all
frequencies versus time is shown in Fig. 8(c). Here, P, is normalized
with respect to the maximum value within this waveform excerpt.
Notably, within less than 3 ms, five peaks were detected (labeled by
yellow arrows in the figure). These peaks indicate the arrival of waves
that dominate over the random noise baseline, which are characterized
by zero or near zero power (see the regions shaded in pink in the
figure). This observation indicates that the AE technique effectively
resolved multiple events within a brief time interval, which appeared
as a single event in the InSEM data. The spectral analysis of the peak
frequency power reveals that these events exhibit varying magnitudes:
they initially commence at a low magnitude, reach a peak, and sub-
sequently decay before subsiding completely. This spectral behavior
is likely to be associated with the kinematic processes of dislocation
avalanches within the crystal lattice.

Furthermore, as shown in Fig. 8(d), these predominant waves main-
tain a nearly constant frequency in the range of 30-50 kHz bandwidth
throughout the avalanche. Remarkably, this dominant peak frequency
ranges between 10 and 80 kHz for all pillars tested and all avalanches
detected, with the vast majority falling between 30 and 50 kHz as
seen in Fig. 9(a), which is considerably far from the sensor’s resonance
frequency (~ 460 kHz). A detailed investigation was performed to



M.M. Omar and J.A. El-Awady

()

150 B DI10-1]]
D102
I DI10-3
100 | 1
g
=
o
O
50 E
0
0 20 40 60 80

Hits Peak Frequency (kHz)

Acta Materialia 285 (2025) 120646

I DI10-1
25k I DI10-2
I DI10-3
20+
g
2151
O
10 [
5 | ‘ |
0 | I IIIIIIII"II llllIIII |
0 200 400 600 800 1000

Exit Dislocation Rate (kHz)

Fig. 9. Statistical distribution of Hits Peak Frequency and Exit Dislocation Rate. (a) Histogram of all the peak frequencies of the detected avalanches in all tested micropillars.
Peak frequency is the frequency associated with the maximum power in the power spectrum of the avalanche waveform. (b) Histogram of the rate of dislocations exiting the

surface of the micropillar during an avalanche.

ensure that this range is not an artifact of the sensor resonance or the
sample resonance, see Supporting Information Section 3. This consis-
tent frequency range for all avalanches suggests an inherent frequency
signature of dislocation activities when avalanches are activated. This
range aligns well with the rate of the dislocations exiting the surface
during the bursts as shown in Fig. 9(b).

In addition, the average dislocation velocities can be correlated to
the frequency spectrum of the recorded AE signals according to & = bxv,
where v is the AE wave predominant frequency [17]. For a frequency
range of 10-50 kHz, the average dislocation avalanche velocity, 7, can
be estimated to be in the range of 2.5-12.5 pm/s for Ni. This average
dislocation avalanche velocity is in good agreement with the resolved
avalanche burst velocity (i.e., the burst velocity on the active slip plane)
for each avalanche as shown in Supporting Information Fig. S4. Future
experimental, theoretical, and modeling efforts should be conducted to
further quantify the origin of this unique frequency response during
avalanches.

4. Conclusion

In this study, we utilized high-resolution acoustic emission measure-
ments coupled with in situ SEM to unveil some of the elusive dynamics
of dislocation avalanches during intermittent plasticity. By combining
the temporal precision, frequency domain insights, and energy trends
from measured AE signals, we have gained insights into the microscale
dislocation dynamics that govern strain bursts in Ni micropillars. Our
experimental results not only cross-validate phenomenological mod-
els previously proposed but also reveal new details of the complex
dislocation processes that were previously hidden at conventional ex-
perimental time scale measurements. In particular, our results reveal
distinct acoustic signatures for different stages of deformation, with
large avalanches in the early stages emitting strong AE bursts, while
denser dislocation networks at later stages produce lower-amplitude
AE signals. Notably, given the used sensor, we have also identified
a characteristic AE frequency band across all avalanches, which we
link directly to the intrinsic dynamics of dislocations moving through
the crystal lattice. Yet, while we believe this frequency range offers
important insights into dislocation dynamics in our system, further
research is necessary to assess its relevance across various materials
and conditions. Future studies that examine how this frequency range
varies with different experimental parameters could reveal a deeper un-
derstanding of dislocation motion and acoustic emission in crystalline
materials.

Looking forward, we anticipate that high-resolution AE techniques
will open new avenues for unraveling the complex physics of de-
formation and failure in a wide range of advanced materials, from

nanostructured metals to high-entropy alloys and metallic glasses. Ul-
timately, the insights gained from listening to the acoustic response of
materials may guide the design of novel microstructures with tailored
mechanical properties, enabling new frontiers in materials engineering.
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