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Relations between stress drops and acoustic emission measured during mechanical loading
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Avalanche events occur during mechanical loading of many material systems and are characterized by
stress drops and acoustic emission (AE). Stress drops are directly related to the macroscopic response of
the investigated material, but their detection capability is restricted to relatively large and slow events. AE
measurements can detect events with smaller amplitude and shorter duration, but their energy and duration are
not directly related to the change of the system. In this paper, we present simultaneous measurements of stress
drops and AE during mechanically induced twin boundary motion in Ni-Mn-Ga. We found that the probability of
finding an AE event during a stress drop is ~100 times higher than between stress drops. Analysis of the relations
between mechanical energy drops AU,, and acoustic emitted energy Eag, on the level of individual events, reveals
the existence of a lower bound for Esg, which is approximately proportional to AU,,. These results imply that the
macroscopic stress changes generate acoustic waves, which contribute a well-defined amount of energy that is
equal to the lower bound function. Furthermore, smaller scale events that are related to microscopic subprocesses
by which the twin boundary moves generate additional AE energy. The latter contribution displays a power-law
distribution, which implies that these processes are close to criticality.

DOLI: 10.1103/PhysRevMaterials.3.043603

I. INTRODUCTION

Numerous materials, including granular materials [1],
glasses [2,3], ferroic materials [4], shape memory alloy [5],
and mineral rocks [6,7], respond to smooth mechanical load-
ing through discrete impulsive events called avalanches [8,9].
This phenomenon was widely studied in relation to insta-
bilities of plastic flow in alloys, known as the Portevin—Le
Chatelier effect [10]. The statistical study of the characteristic
properties of avalanche events reveals important information
about the mechanisms of the mechanical response and the
physics of the studied system. For example, in many cases, the
statistical distribution of avalanche amplitudes, energies, or
durations reveals a power-law distribution that spans several
orders of magnitudes [8,11]. This behavior indicates that the
system evolves in a dynamic critical state [12—15].

There are two types of experimental methods for studying
avalanche events. The first is based on measurements of a vari-
able, such as the force [3,16-20], the corresponding displace-
ment [21], or the heat (or enthalpy) involved in the process
[15,22], which are directly related to the overall (macroscopic)
response of the investigated material. These measurements
allow evaluating the energy released by the event [16,23],
the displacement of a moving twin/phase boundary during the
event [16,17], and the volume of the material that underwent a
transformation during the event [23]. Because these methods
measure macroscopic changes of the system, their detection
capabilities are constrained to relatively large discrete events
or many consecutive overlapped microscopic events with a
limited temporal resolution [23]. One should also take into
account the influence of the external noise and the interaction
between the sample and the measurement device.
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The second type of experimental methods is based on mea-
surements of local microscopic events that are associated with
the process through which the material responds. The most
common method of this type is the measurement of acous-
tically emitted waves that are generated by rapid changes of
the local strain field that occur during the avalanche event
[8,9,11]. These measurements are much more sensitive than
macroscopic ones and are capable of detecting events with
an energy down to 1 aJ and below [2,5]. Thus, acoustic
emission (AE) measurements may provide information on the
mechanism by which the avalanche proceeds.

To reduce noise effects, AE measurements are commonly
limited to a relatively narrow frequency range, typically be-
tween 100 kHz and 3 MHz [24]. This frequency range cor-
responds to excitations duration 7 in the range of 0.3—10 us.
The acoustic waves travel back and forth along the sample
and generate echoes in the transducer. The decay time of the
acoustic signal often lasts more than ~100 s (in general this
time is bounded by the hit detection time that in our case
was fixed to 200 ws), during which more AE excitations may
occur. Thus, a single AE detected event may be composed of
several excitation events, as shown in Fig. 1.

The relationship between the information provided by
the two aforementioned types of experimental methods is at
present not clear. The complexity of the problem is demon-
strated in Fig. 1, which shows a typical AE signal and force
drop event that have been measured simultaneously. The AE
signal displays several excitations that occur at the microsec-
ond timescale and cannot be captured by the force sensing
system. On the other hand, the overall force drop event occurs
on the millisecond timescale. Therefore, it is expected to
generate a wide band of acoustic waves, starting at a frequency
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FIG. 1. A typical AE signal (left axis) and force drop (normal-
ized, right axis) measured during uniaxial compression of a Ni-Mn-
Ga single crystal. The curve of the AE energy drop (black line, right
axis) is calculated by integrating the square of the AE signal (red line)
and normalizing via 1 — E(¢)/Ex, where E (¢) is the emitted energy
up to time ¢ and E, is the overall emitted energy during this signal.
The inset shows the beginning of the AE signal and demonstrates
that it is generated by several separated excitations.

in the subkilohertz range, which is much below the detectable
range of AE measurement systems. Thus, the measured AE
signal captures only a small fraction of the overall acoustic
energy that is emitted during the force drop event.

The above discussion indicates that force measurements
capture macroscopic changes in the system, but miss
small/short-time microscopic events. On the other hand, AE
measurements are very sensitive to short-time microscopic
changes, but their output is strongly influenced by the sam-
ple size and geometry, the transmission function of the AE
transducer, and the bandwidth of the analog filter. As a result,
AE characteristics, such as the amplitude, the overall energy,
and the duration, are not directly related to the change of the
system. It is therefore important to understand the relationship
between avalanche sizes measured by AE and macroscopic
changes of the system, expressed, for example, by force drops.

The relation between stress drops and emitted elastic waves
is a long-standing problem in seismology [25-28]. There
are significant differences between seismic avalanches and
avalanches that are generated during laboratory mechanical
tests. For example, the “sample size” and the frequency of
the measured elastic waves differ by many orders of magni-
tude. Nevertheless, some results are common to both types
of avalanches, e.g., the common power-law distribution of
several avalanche parameters [8,9,26].

Several concepts that are used in seismology studies are
relevant also for avalanches that are generated by phase or
twinning transformation in much smaller samples. For exam-
ple, in both cases, the source for the avalanche has units of
volume. The source for seismic avalanches is characterized
by the product D - S, where D is the average slip displacement
over the fault and S is the fault area [26,27]. Measured
variables, such as the seismic moment My = uD - S (where
w is the shear modulus), are directly related to D - S [26,27].

Therefore, D -S is the main source for the variability of
avalanche sizes. The source for avalanches that are generated
by phase or twinning transformation is characterized by the
product e7 - AV, where &7 is the transformation/twinning
strain and AV is the volume that experienced phase/twinning
transformation during the avalanche event. The macroscopic
stress drop during such avalanches is approximately given by
Ao = w, where V is the sample’s volume and Y is an
effective elastic modulus related to the stiffness of the sample
and the loading machine [16,23]. The volume AV may vary
over several orders of magnitude and is the main source for
the variability of Ao

In seismology, the stress drop Aoy, relates to the stress at
the source of the avalanche, i.e., at the fault [26,27], rather
than the average stress Ao in the sample. For most earth-
quakes, Ao,y is nearly constant (may vary up to one order
of magnitude) and reflects a material property [26,27]. The
overall energy of the radiated seismic waves is roughly given
by Er & %Ao'fauhD - S [26,27]. Because Aogyy iS approxi-
mately constant, the distribution of Eg is mainly attributed to
the distribution of the source of the avalanche D - S and Eg
roughly scales as Ex ~ M [26,27].

Another difference between seismology and laboratory
tests involving the measurements of AE signal relates to the
bandwidth of the sensors. Seismic sensors have a bandwidth
of approximately three decades that is designed to capture
most of the spectrum of the emitted waves. Thus the mea-
sured Er represents a significant part of the overall radiated
energy [26]. In contrast, “broadband” AE transducers capture
a frequency range of less than a decade. As a result, the
measured AE energy Esg represents a small fraction of the
overall radiated acoustic energy. This fraction is governed by
the excitation duration t that determines the spectrum of the
emitted waves. Thus, the distribution of Eg is affected both
by the distribution of the avalanche source 7 - AV and by the
distribution of 7. This apparent drawback enables AE to be
very sensitive to small (microscopic) events that occur during
short duration 7.

In previous studies of the relations between stress drops
and AE during mechanical tests the durations of stress drops
were in the seconds timescale while the durations of AE
events were in the milliseconds timescale. Therefore, the
correlation between stress drops and AE events has not been
analyzed on the level of individual stress drop event vs in-
dividual AE event. For example, Lebyodkin and coworkers
[18-20] performed tensile tests on Al-Mg alloy and reported
the presence of numerous AE events during each measured
stress drop. They presented cross-correlations between the
time derivative of the stress and several AE characteristics
during intervals of 0.5 s. Navas-Portella et al. [2] have re-
cently studied the compression of a porous glass (Vycor) and
analyzed the correlation between force drops and the sum of
acoustic energy emitted during given time intervals of 0.1 s.
Their results show that most of the time intervals did not
contain a detectable force drop, but contained more than one
AE event. A Pearson correlation coefficient of R ~ 0.6 was
found, indicating a clear positive correlation. However, for the
same force change, the measured values of AE energies were
scattered over —three to six orders of magnitude. The reason
for the large scattering of AE data has yet to be resolved.

043603-2



RELATIONS BETWEEN STRESS DROPS AND ACOUSTIC ...

PHYSICAL REVIEW MATERIALS 3, 043603 (2019)

In the present paper, we performed simultaneous measure-
ments of stress drops and AE during mechanical loading of
a single Ni-Mn-Ga crystal. In this material, avalanche events
are induced by a jerky motion of a single twin boundary
[16,29]. The force was measured by a piezoelectric sensor
with high resolution and bandwidth that enabled detecting
stress drops with a duration of a few milliseconds. Thus,
the durations of individual stress drops and AE events were
on the same timescale (see, e.g., Fig. 1). These conditions
allowed us to identify a single dominant AE signal that was
emitted during each stress drop event. An analysis of the
relationship between stress drops and dominant AE signals,
on the level of individual events, revealed a good correlation
between the stress drop and a lower bound for the energy
of the AE signal. We suggest an explanation, according to
which the lower bound AE energy is associated with the
macroscopic stress changes. An additional contribution to the
AE energy is generated by local microscopic events, such as
the overcoming of energy barriers for twin boundary motion.

II. EXPERIMENTAL METHODS

The investigated sample was a single crystal of the fer-
romagnetic shape memory alloy, Ni-Mn-Ga, produced by
AdaptaMat, Ltd. The sample had a cuboid shape with dimen-
sions 20.0 x 2.3 x 3.0 mm?>. Measurements were performed
at room temperature, at which this alloy is in the martensitic
phase and has a monoclinic 10M modulated structure. The
latter is nearly tetragonal, with minor monoclinic distortion
[30]. Due to this distortion, Ni-Mn-Ga has two types of twins,
I and II, that are different in their crystallographic orien-
tations [31,32] and dynamic properties [33—-35]. The faces
of the studied crystals were parallel to the {100} planes of
the parent cubic austenite phase. In this crystal orientation, the
projection of type-I boundaries on the top surface is parallel to
the [100] direction while the projection of type-II boundaries
forms an angle of approximately 6° with the [100] direction
[11,36]. Optical observations indicated that only type-I twin
boundaries propagated at the martensite phase in the tested
crystal. In addition, optical videos indicated that during any
given time interval only a single twin boundary propagated in
the examined sample.

The twinning stress for the motion of type-I twin bound-
aries in Ni-Mn-Ga is approximately 1 MPa (see Fig. 2), while
the yield stress for ordinary dislocation glide is higher than
100 MPa. Except for twinning reorientation, Ni-Mn-Ga is
often subjected to 180° magnetic domain switching. However,
this process is not associated with a strain change and there-
fore is not expected to produce AE or stress drops. Thus, the
source for AE and stress drops in the studied samples is solely
the motion of a single twin boundary.

Force and AE measurements were performed simultane-
ously, using displacement-driven mechanical test machine
SMART.PRO (Zwick/Roell). Compression tests were per-
formed along the long axis of the crystal at a constant bridge
speed of ¢ =0.03mm/min that corresponds to an aver-
age twin boundary velocity of o1 = c/e7 = 8.3 x 10~°m/s
(where er = 0.06 is the twinning strain that is determined
by the lattice parameters of the crystal [37]). The load was
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FIG. 2. A typical stress vs time profile. Inset [ zooms in on a time
interval of 32 s, displaying several stress drops with a large variety of
magnitudes. Inset I zooms in on a time interval of 0.8 s, displaying
a single stress drop superimposed on the background fluctuations.

measured using a piezoelectric force sensor, Kistler 9215,
with a 1-mN resolution and natural frequency of 50 kHz. The
stiffness of the experimental system elements (i.e., the loading
frame bridge, mechanical adaptors, and the force sensor) is
larger by several orders of magnitude than that of the tested
sample.

AE signals were measured by a broadband piezoelectric
transducer, with a frequency range between 200 kHz and
1 MHz, that was placed in the loading frame punch. The
electric signals from the AE transducer were preamplified
(60 dB), analog band filtered between 100 kHz and 3 MHz,
and analyzed by a PCI-2 acquisition system (Euro Physical
Acoustics, Mistras Group) working at 40 MHz. The acqui-
sition system is programmed to record at the time when the
amplified signal V () crosses a fixed threshold of 23 dB, and
ends when the signal remains below the threshold for more
than 200 ps. The energy of each signal was calculated as the
integral of V2(¢) over the duration of the event, divided by a
reference resistance of 10 k<2 (see Refs. [2,24]).

The PCI-2 system acquires the value of the force from the
Kistler 9215 sensor simultaneously through two procedures:
(a) in regular intervals every 10 ms and (b) every time that an
AE signal is detected when the voltage crosses the threshold.
Because stress drops were accompanied with AE signals (see
section D of the Results), the measured duration of most of the
stress drops was shorter than 10 ms (see the example in Fig. 1,
in which the duration of the force drop is approximately 3 ms).
Yet, it is expected that in some cases the real duration of the
stress drop is shorter than the captured duration.

The source of the emitted waves is much smaller than the
sample length L, for both the microscopic and macroscopic
events. The long and thin geometry of the sample implies that
far from the source of the emitted waves, i.e., at a distance
larger than the thickness of the sample but smaller than the
length of the sample, the wave fronts become approximately
planar. Then, the planar acoustic waves travel back and forth
along the length of the sample dozens of times before the
acoustic energy decays.
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The velocity of acoustic waves in Ni-Mn-Ga is approx-
imately 4200 m/s [38,39]. Thus, the time that is required
for the acoustic waves to travel along the entire sam-
ple length (20 mm) is approximately 5 ws. This time is
much shorter than the decay time of AE signals (larger
than 100 ws). Under these conditions, the location of the
source of the AE within the sample has a minor effect on
the overall (integrated) AE energy of the signal. In addition,
the AE sensor covers the full upper face of the sample, thus it
catches almost 50% of the AE energy.

III. RESULTS

A. Identification of stress drops

Figure 2 shows a typical stress vs time measurement. When
the stress reaches a threshold value, known as the twinning
stress, the twin boundary starts moving in a jerky manner that
results in the observed serration pattern. A zoom-in on a short
time interval (inset I in Fig. 2) shows that the serrations are
composed of relatively long time intervals during which the
stress gradually increases, followed by short time intervals
during which the stress decreases sharply. This pattern has
been observed during the motion of type-I twin boundaries in
Ni-Mn-Ga [16] and is significantly different from the pattern
that is detected during the motion of type-II twin boundaries
in the same material [29]. The stress drop events are caused by
a rapid motion of the twin boundary [16]. Inset I also shows
the large variety in the magnitude of the stress drops.

Inset II in Fig. 2 shows a zoom-in on a single stress
drop event, which is relatively small (0.016 MPa) but still
detectable. At the stress and timescales shown in inset II, it
is possible to observe fluctuations in the stress signal with a
peak-to-peak amplitude of 5 x 1072 MPa and a time period
of approximately 50 ms. These fluctuations were caused by
low-frequency vibrations of the loading machine and can
be considered as part of the measurement noise. Note that
compared with the period of this vibration the stress drop
observed in inset II, as well as all other stress drops, occurred
at a much shorter timescale of a few milliseconds.

In accordance with the aforementioned observations, we
defined stress drop as events during which the stress decreased
by more than 0.01 MPa (twice the peak-to-peak noise vibra-
tions) within less than 10 ms (five times shorter than the time
period of the noise vibrations). In a few rare cases, the stress
continued to decrease by more than 0.01 MPa during the next
10 ms. In such cases, we considered the stress drop as the
merge of the two drops.

B. Distributions of acoustic emission energy

Figure 3 presents the complementary cumulative distribu-
tion functions (CCDFs) of the AE energy Eag, corresponding
to the whole set of 177305 detected avalanche events. The
linear part of the curve, in a log-log plot, indicates a power-law
distribution over five decades of Exg. The data presented in
Fig. 3 can be fitted to a probability density function (PDF) of
the form

E
P(Eap) ~ Eag~* exp [—i} (1)

cutoff

T e EE——
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FIG. 3. CCDF of acoustic emitted energy during 177305
avalanche events.

where ¢ is the exponent of the power law and Eag,,, 1s a
cutoff value above which the probability distribution deviates
from the power law. By applying the maximum likelihood
(ML) method [36,40,41], we obtained, ¢ = 1.50 &+ 0.005 and
Eag.,.; =2 x 10° £ 0.94 x 10° aJ. The same value of & was
obtained for energy distributions of AE events measured
during the motion of type-II twin boundaries in Ni-Mn-Ga,
but the cutoff energy Eag, , Was smaller in that case by two
orders of magnitude [29].

cutoff

C. Distributions of mechanical energy drops

The macroscopic mechanical energy that is released during
the stress drop is given by

Fup2 - Fdown2
2k

where k is the effective stiffness of the sample and the loading
machine and F,, and Fyo, are the force values before and
after the stress drop, respectively. Equation (2) is obtained
by recognizing that the displacement applied by the loading
machine during the short time of stress drop is negligible.

The CCDF of all mechanical energy drops AU, (325
events) is presented by the blue curve in Fig. 4. The distri-
bution of AU, fits the distribution function given by Eq. (1)
(black dashed curve) only inarange of 0.6 < AU,, < 3 uJ.In
the range of larger AU, values, when AU,, > 4uJ, the mea-
sured distribution fits a normal distribution (magenta curve).
A linear combination of these two distributions (red dashed
curve) fits quite well the actual distribution over the entire
range.

A previous study of stress drop distributions during type-
I twin boundary motion in a single Ni-Mn-Ga crystal dis-
played a log-normal distribution with a characteristic (most
probable) value that is approximately related to the mean
value of the normal distribution presented in Fig. 4 [16].
The additional power-law contribution at small AU, values
may occur due to the higher resolution of the force sensor
used in the present paper. The exact values of the power-law

AU, = @
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FIG. 4. CCDF of the measured mechanical energy drops (blue
solid line). The distribution can be described by a combination of
a power law (black dashed line) and normal distributions (magenta
solid line), which is illustrated by the red dashed line.

exponent (approximately 1.8) and the mean of the normal
distribution (approximately 9uJ) are hard to determine with
strong statistical confidence. These values are not crucial for
the analysis of the correlation between stress drops and AE
energy that is presented in the next section.

D. Relations between stress drops and AE signals

This section starts with the identification of AE signals
that were emitted during each stress drop. AE signals that
began slightly before the stress drop but ended during the
stress drop have also been accounted for. We considered AE
signals with an energy larger than 10 aJ, because signals with
smaller energies are very abundant (approximately 89% of all
AE signals according to Fig. 3) and are not necessarily related
to a stress drop, even if they are emitted during the stress drop.
In most of the cases, there was a single AE signal during a
stress drop. In cases where there were more AE signals, one
was dominant and the others were smaller by several orders of
magnitude. Thus, we were able to associate a single AE signal
with an energy larger than 10 aJ to almost all individual stress
drops.

The aforementioned procedure provided the following
results.

(1) 94% (305 out of 325) of the stress drop events were
accompanied by an AE signal with an energy larger than
10 aJ. For comparison, based on all AE events, the probability
of finding an AE event during an arbitrary time interval of
10 ms (longer than a typical stress drop) is 0.6%. Thus, the
probability of finding an AE event is much larger during a
stress drop than between stress drops.

(2) 98.5% (19937 out of 20242) of the AE signals with
an energy larger than 10 aJ were not associated with any de-
tectable stress drop event. It is possible that these AE signals
are still associated with small stress drops that are below the
detection capability of our force sensor. In particular, it is
possible that these AE signals occur due to local microscale

AU_ (ud)

FIG. 5. AE energy vs mechanical energy drops AU, (blue
points). The data points marked by squares represent the minimal
values of E g within individual intervals of AU,,. The different colors
(magenta, green, and red) correspond to division of the data into
intervals with different numbers of data points within each interval
(N = 20, 25, and 30, respectively). Least-squares fittings of Eq. (3)
to the minimal data points correspond to solid lines.

events, such as nucleation of a microscale step on the twin
boundary or a formation of a needle twin (domain) ahead of
the twin boundary [23]. Such events commonly occur during
a global motion of the twin boundary that is associated with
a macroscale stress drop, but they can also occur during time
intervals at which there is no such motion.

The observation that almost all stress drops were accompa-
nied by one dominant AE signal motivates the analysis of the
relationship between Eag and AU, as plotted in Fig. 5 on a
log-log plot. Evidently, the values of Eag that correspond to
the same AU,, are scattered over several orders of magnitude.
Nevertheless, it is observed that the minimal values of Eag
within each interval of AU, increase as AU, increases,
i.e., there is a lower bound (E;g) for Eag values that is an
increasing function of AU,,.

To test that the lower bound is not generated by a sampling
effect (there are more data points at small values of AU,
and in accordance a higher probability to find small values of
Eag), we performed the following procedure. First, we divided
the whole data set into intervals of AU,,, such that within each
interval there is a given number N of data points (the size
of the AU, intervals is not fixed). Next, we found the point
with a minimal value of E g within each interval (marked in
Fig. 5). Then, we fitted the function

Ep =C- AU, , 3

which appears as a straight line in the log-log plot presented
in Fig. 5, to the set of data points with minimal values of Eg.
We repeated the same procedure for N = 20, 25, and 30, and
obtained the results presented in Fig. 5. The best fitted values
of z for groups of N = 20, 25, and 30 data points were z =
1.29, 1.22, and 1.20, respectively. Thus, the sampling effect
on the lower bound is minor. The obtained value of z =1.24
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FIG. 6. PDF distribution of E,g signals that were emitted during
stress drop events.

(the average of the three z values) indicates that the relation
between E1 g and AU, is close to linear.

The PDF distribution of the energy of AE signals that were
emitted during stress drops, i.e., the 305 data points presented
in Fig. 5, is shown in Fig. 6. Note that the population that
is analyzed in this figure represents 1.5% of all AE signals
with an energy larger than 10 aJ. Figure 6 presents a PDF
that is centered about a peak that represents a most probable
(characteristic) value of the AE energy. This behavior is in
contrast with the corresponding CCDF that includes all AE
signals that were presented in Fig. 3. Comparison of Figs. 3
and 6 shows that the physical behavior of AE events that are
emitted during detectable stress drops is significantly different
from the behavior of all other AE events.

The well-defined relation between E;g and AU, implies
that for each AE signal there are two sources that contribute
to Eag. One source contributes a well-defined amount of
acoustic energy, Erg, that is directly related to AU, through
Eq. (3). The other source contributes an additional energy
AE = Exg — Epp that varies over several orders of magni-
tude, regardless of the value of AU,,.

The distribution of AE is presented in Fig. 7(a). A segment
of the CCDF that displays a power law is observed for AE in
the range of 15-500 aJ, as demonstrated by the dashed black
line. We can fit a distribution function of the form

AE
} )

Eculoff

P(AE) ~ AE P exp [—

to these data by means of the ML method, provided 8 = 1.4 +
0.1. Another method for validating the power-law behavior of
AE is by plotting the exponent § (fitted by the ML method)
as a function of a varying lower cutoff AEy;,, as presented
in Fig. 7(b). In this method, the exponent is estimated by the
plateau as indicated by the red line (see, e.g., Refs. [40,42]).
According to this analysis, a value of 8 = 1.45 & 0.05 fits the
results in the range of AE = 15—600al, in agreement with
the black dashed line that is marked in Fig. 7(a). The results
of Fig. 7 indicate that the process that contributes to AE can
be assumed to be close to a dynamic critical state.

10 10 10
AE (aJ)

(b)

2.5} il

mfkr: il - = ™

x| L&Ef_ ===

]
=
1

AEmin (aJd)

FIG. 7. (a) CCDF curves of AE defined with respect to the lower
bounds obtained for N = 20, 25, and 30 data points (see Fig. 5). (b)
The power-law exponent 8 as a function of a varying lower cutoff
AE;, for the data with N = 20. The red line indicates a value of
B = 1.45. The stripe between the dashed black lines represents an
error of +0.05 and fits the data in the range of AE = 15—600 al.

IV. DISCUSSION

In this section, we present a possible explanation for the
results presented in Figs. 5 —7 and for the distinction between
the two different contributions to Eag. We recall that the
distribution of Eg is affected by the distributions of 7 - AV
and 7, while the distribution of AU, is affected only by the
distribution of e - AV. We suggest that the contribution rep-
resented by Eyg(AU,,) is associated with global (macroscale)
stress drops that are characterized by large AV and t. During
such a class of events, a twin boundary that crosses the entire
crystal width and has an area of A = 10 mm? propagates a
distance Ax = (A - Ao )/(ker) [16,23], which according to
our results is in the range of 2—80 um. The volume AV = A -
Ax that undergoes this twinning transformation is in the range
of AV macro = 0.02—0.8 mm?, and the energy that is released
during the event AU,, is larger by several orders of magnitude
than Eag. Such a macroscopic event generates a wide band
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of acoustic waves, most of them with frequencies that are
related to the duration of the stress drop (t in the millisecond
timescale) and are much lower than the frequency range
detected by the AE measurement system. Thus, E;g(AU,,)
represents a small but well-defined part of the energy that is
released during the stress drop.

The additional contribution, AE, is distributed close to a
power-law distribution [Fig. 7(a)] similar to the distribution
of all AE signals (Fig. 3). The exponents of the distribution of
all AE signals (¢ = 1.5) and the distribution of AE(8 = 1.4)
are also in good agreement (within the analyses errors). We
recall that 99.8% of all AE signals that are analyzed in Fig. 3
occurred at time intervals during which there was no stress
drop, i.e., no macroscale motion of the twin boundary as
described above. Therefore, we suggest that AE is generated
by microscale events that are characterized by small values
of AV and t. The volume AV, related to such events
is smaller by several orders of magnitude than AViucr0, but
their characteristic time t relates to a frequency within the
bandwidth of the AE transducer. Thus, the contribution of AE
may be comparable to or even larger than Eyg(AU,,).

The microscale events described above may be related to
the local overcoming of barriers for the twin boundary motion.
Examples for such events may be a nucleation of a microscale
step on the twin boundary or a formation of a needle twin
(domain) ahead from the twin boundary [23]. Such events can
occur during time intervals at which there is no macroscale
motion of twin boundaries. Nevertheless, they are expected to
occur at a higher rate and intensity during a macroscale mo-
tion of the twin boundary or immediately before it. Indeed, our
results show that the probability of finding an AE event during
a stress drop is ~100 times larger than between stress drops.

V. CONCLUSIONS

Synchronized measurements of stress drops and AE with
high temporal resolution revealed that during the strain
induced motion of a single twin boundary in a Ni-Mn-Ga
shape memory alloy 94% of the stress drop events were ac-
companied by a single dominant AE signal. On the other hand,

99.8% of the AE signals were emitted during time intervals at
which there was no detectable stress drop event. The CCDF
of the mechanical energy drops AU, displayed a combination
of a power-law distribution at small values and a normal
distribution at large values. The CCDF of the energy of all
AE signals, as well as of AE signals that were not associated
with a stress drop, displayed a power-law distribution over five
orders of magnitude. On the other hand, the distribution of
the energy of AE signals that were emitted during detectable
stress drops was centered about a peak that represents a most
probable value.

The reason for the different distribution of AE signals that
were emitted during stress drops is the existence of a lower
bound that is approximately a linear function of the mechan-
ical energy drops. We suggest an explanation, according to
which the lower bound of the AE energy is associated with
the macroscopic stress changes. These events release a large
amount of energy but only a small part of it is transformed
to acoustic waves in the frequency range detected by the AE
measurement system. An additional contribution to the AE
energy, AE, is generated by local microscopic events, such as
the overcoming of energy barriers for twin boundary motion.
These events release a smaller amount of energy, but occur
at the microscale timescale, and therefore a significant part of
this energy is transformed to acoustic waves in the detected
frequency range. We show that the distribution of AFE is very
close to a power law, which implies that the source for this
energy, i.e., local microscopic events, is similar (or the same)
to the source of AE signals that were not associated with a
stress drop. This means that local microscopic events can also
occur during time intervals at which there is no global motion
of the twin boundary.
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