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Tracking Twin Boundary Jerky Motion at Nanometer

and Microsecond Scales

Emil Bronstein,* LdszI6é Zoltdn Téth, Lajos Dardczi, Dezso Ldszlé Beke, Ronen Talmon,

and Doron Shilo

The jerky motion of twin boundaries in the ferromagnetic shape memory alloy
Ni-Mn-Ga is studied by simultaneous measurements of stress and magnetic
emissions (ME). A careful design of the experimental conditions results in an
approximately linear relationship between the measured ME voltage and the
nm-scale volumes exhibiting twinning transformation during microsecond-
scale abrupt “avalanche” events. This study shows that the same distribu-
tions of ME avalanches, related to features of jerky twin boundary motion,

are found both during and between stress drop events. Maximum likelihood
analysis of statistical distributions of several variables reveals a good fit to
power laws truncated by exponential functions. Interestingly, the character-
istic cutoffs described by the exponential functions are in the middle of the
distribution range. Further, the cutoff values can be related to the physical
characteristics of the studied problem. Particularly, the cutoff of amplitudes of
ME avalanches matches the value predicted by high rate magnetic pulse tests
performed under much larger driving force values. This observation implies
that avalanches during slow rate twin boundary motion and velocity changes
observed by high rate tests represent the same behavior and can be described

of ceramic materials (e.g., zirconia).l!

Additionally, twinning reorientation in
ferroelastic oxide crystals is the main
mechanism responsible for seismic wave
attenuation in Earth’s lower mantle.l]
Twinning reorientation in ferroelectric
materials, shape memory alloys (SMA)
and ferromagnetic SMA (FSMA) facilitates
significant straining,® thus providing
the fundamental mechanisms for trans-
formation between electric/magnetic/
thermal energy and mechanical energy,
which are used in a variety of advanced
actuation, sensing and energy harvesting
applications.’12

When driven at slow rates, twin bound-
aries propagate in a jerky motion, which
is composed of discrete and impulsive
events termed “avalanches” that produce
crackling noise.’>" Studies of twinning
induced by mechanical loading!®"! and

by the same theory.

1. Introduction

Twinning is an essential mode of plastic deformation occurring
via nucleation and motion of twin boundaries.!'? This process
governs the mechanical behavior of a variety of solid mate-
rials, such as hexagonal close-packed (HCP) metals (e.g., Mg
and Ti),! nano-crystalline and nano-structures of face-centered
cubic (FCC) metals (e.g., Cu and Ni),>* and nano-structures
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often reported avalanche distributions

that follow a power law. This observation
is commonly interpreted as an indication for dynamic criti-
cality,3 a state that is characterized by unpredicted dynamics
that do not follow a continuous and injective kinetic law.

When driven at high rates, twin boundary dynamics in fer-
roelectrics, 21231 FSMA 124261 Ni[27] and Mgl?®?% were found to
follow kinetic relations that are determined by lattice barriers
for the twin boundary motion. Nevertheless, part of the studies
have reported a significant scattering of the measured veloci-
ties at a given value of the electric or magnetic field,?*-¢l indi-
cating that twin boundary dynamics at high rates displays a
jerky motion, as well. However, the magnitudes of the jerks are
unclear. Some studies of the motion of type II twin boundary
in Ni-Mn-Ga have reported small fluctuations of twin boundary
velocity about a most probable value determined by a kinetic
relation.[?®! Other studies of the dynamics of both type I and
type II twin boundaries in Ni-Mn-Ga revealed that their veloci-
ties are scattered over almost two orders of magnitude.?*2]

The connection, if any, between avalanches at slow rates
and velocity changes at high rates is still unexplored. To
study this problem, direct measurements of twin boundary
motion at small length and time scales have to be per-
formed. Studies of twin boundary motion at high rates have
been performed by tracking their position using optical
microscopy.l?#?’l This method is limited to detection of twin

(1of 1) © 2021 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202106573&domain=pdf&date_stamp=2021-09-17

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

boundary displacements larger than =1 um and temporal
resolution longer than =10 ps. Direct measurements of twin
boundary motion at slow rates have been performed by force
versus time measurements.[?3% Despite the high resolution
and bandwidth of the force sensor applied in these studies,
this method is still limited to avalanches longer than =1 ms
and force drops that correspond to twin boundary displace-
ments larger than =1 um.

There are many studies on twinning at slow rates by means
of acoustic emission (AE) measurements, which are much
more sensitive to avalanches occurring at small scales.[7:20:31
However, the relations between measured AE signals and ava-
lanche characteristics that describe the physical process in the
material are not clear due to several inherent limitations.[3233
First, acoustic transducers have a relatively narrow bandpass,
typically, between 200 to 900 kHz.3¥ As a result, the meas-
ured AE signal captures only a small fraction of the overall
acoustic energy that is emitted during an avalanche event.*"!
Second, the initial acoustic strain change, which corresponds
to the actual avalanche and occurs at the us scale,?”! is modi-
fied by the propagation of the acoustic wave within the sample
and transducer that typically lasts for 100 ps—10 ms.?¥ Third,
during this long propagation time, more AE excitations may
occur. Several recent works have been trying to cope with
the aforementioned limitations, for example, by means of
deconvolution.323¢l

Recently, our group has demonstrated the application of mag-
netic emission (ME, which is also known as Barkhausen noise)
measurements for the study of avalanches occurring during slow
rate twinning in the FSMA Ni-Mn-Ga.'®¥38] The sensitivity of
ME measurements to small scale avalanches is comparable to
that of AE, but the ME technique does not suffer from the afore-
mentioned inherent limitations of AE. For samples with a small
cross-section and using a coil with a small number of windings,
a high bandwidth can be obtained and the temporal resolution
can go below 1 ps.'#338] Generally, ME measurements capture
the overall rate of magnetization change within a (ferromag-
netic) sample. Therefore, in principle, this method can provide
direct measurements of a moving interface’s displacement (e.g.,
a domain wall) during discrete avalanche events.*>*] However,
this is often not the case due to the complexity of the material
behavior that involves several phenomena. For example, magneti-
zation changes in ferromagnetic materials often occur simultane-
ously via several mechanisms (e.g., 180° domain switching, 90°
domain switching, and magnetization rotation) and at several loca-
tions within the sample. In FSMA, magnetization changes due to
twinning reorientation often couple with magnetization changes
due to “ordinary” domain switching.*!! This complexity hinders
the ability to relate measured ME events to the motion of a single
twin boundary.

In this paper, we study twin boundary motion in the FSMA
Ni-Mn-Ga induced by slow compression, during which ava-
lanche events were captured by simultaneous stress drops and
ME measurements. The experimental conditions were carefully
designed to enable the study of a single twin boundary motion,
thus minimizing the complexity of the process that may arise
due to motions and interactions of several twin boundaries or
due to coupling between twin boundary motion and “ordinary”
magnetic domain switching.
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Our measurements show that numerous small and rapid
ME avalanches occur during each stress drop avalanche, as
well as between stress drops. The overall ME during each
stress drop is in excellent correlation with the amplitude of
the stress drop, indicating that, to a good approximation, the
measured ME can be directly related to the motion of the
twin boundary (as shown in subsection 3.3). Thus, individual
ME events are related to local twin boundary motions at the
nanometer and microsecond scales. Further statistical analysis
of ME events during stress drops and between stress drops
revealed that they are generated by the same process. The only
difference between them is found to be the rate of their occur-
rence, that is, the delay times between consecutive events.
Finally, we compare our results with previous studies of twin
boundary motion during fast magnetic pulses and provide
indications that the same type of jerky behavior occurs both at
slow and high rates.

2. Magneto-Mechanical Microstructure
of Ni-Mn-Ga

All the experiments described in this work were performed on
the same 10M NisooMn,g5Gay s single crystal sample of the
dimensions 20 mm x 3 mm X 2.5 mm, produced by AdaptaMat
LTD. The experiments were carried out at room temperature,
at which the sample is fully at the martensite phase. The unit
cell of the 10M martensite is nearly tetragonal, having a small
monoclinic distortion,*?! which gives rise to two different types
of twin boundaries, type I and type II. Although these two types
have almost the same twinning strain &r = 0.06, their twin-
ning stress is significantly different (0.5-1 MPa for type I and
0.05-0.3 MPa for type 11*24}). The twin boundaries separate
the microstructure into regions (twins) with different orienta-
tions of the c-axis of the unit cell, which is also the magnetic
easy axis (i.e., the preferred magnetization orientation within
the unit cell).

In the absence of an external magnetic field, each twin is divided
into 180° magnetic domains, as can be seen in Figure 1a. In
this configuration, 180° domain switching induces magneti-
zation changes that occur during twin boundary motion but
are not related to it. Contrarily, application of a magnetic field
in 45° with respect to the axial direction of the sample forms
the microstructure illustrated in Figure 1b; namely, a twin
boundary that divides the sample into two twins, each with a
single magnetization direction. In this configuration, mag-
netization changes occur (almost) solely due to twin boundary
motion. The projection of the magnetic field along the mag-
netization directions is the same for both twins, resulting in
no preference of either of them. Therefore, such orientation
of the external magnetic field is not expected to induce twin
boundary motion.

Prior to each experiment, the sample is brought to a state at
which a single twin boundary is located approximately at the
center of the crystal, as illustrated in Figure 1b. Throughout the
compression tests, the twin with the magnetization along e
grows at the expanse of the other twin, while the moving twin
boundary is located within the ME sensing coil, as illustrated in
Figure 1c. Optical observations, as well as the levels of the plateau
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Figure 1. lllustration of the sample in the a) absence and b) presence of an external magnetic field. ) Illustration of the twin boundary motion inside

the sensing coil due to compression forces.

stress during the compression tests, imply that the moving
twin boundary is of type I. Thereafter, the sample is placed in
the magnetic field, such that the microstructural configuration
illustrated in Figure 1b is achieved and the sample is ready to
be tested.

3. Results

3.1. Force Measurements

A representative stress—time plot, obtained from the force
measurements, is shown in Figure 2 and displays fluctuations
about an approximately constant twinning stress. A careful
examination of these fluctuations shows that they consist of
fast stress drops (big avalanches) separated by moderate stress
rise segments. The stress drops have varying amplitudes and
timescales. Examples for large (Ao = 0.1 MPa) and relatively
fast (At = 25 ms), as well as small (Ao = 0.02 MPa) and rela-
tively slow (At = 220 ms) stress drops are shown in insets (I)
and (II) of Figure 2, respectively. Since the noise level of the
stress measurements is 0.003 MPa, we set a threshold of 0.01
MPa, below which stress drops were not considered.

Due to the constant compression rate, c, the strain change Ae
at time interval At can be expressed as!**]
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Figure 2. A representative stress—time curve. Inset (I) shows a fast and
large stress drop. Inset (I1) shows a slow and small stress drop.
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Here, {, is the sample’s length, V, is the sample’s volume,
gr is the twinning strain, Ao is the stress change that corre-
sponds to At, Vris the volume that underwent twinning trans-
formation during the time interval At, and Y is the effective
elastic modulus determined by the sample and the stiffness
of the experimental setup. According to the right-hand-side
(RHS) of Equation (1), A¢ is composed of the elastic strain
(first term) and the strain change due to the relative volume
that underwent twinning transformation (second term).

Equation (1) can be recast as

A0 _yl e _Vier
A\l Vo A

According to Equation (2), during time intervals in Figure 2
at which the slope increases, the first term on the RHS in
Equation (2) is larger than the second term, indicating that Vy
is either zero or very small. During fast stress drops, the second
term in Equation (2) is larger than the first term, indicating
on a discernible transformed volume Vi occurring during this
time. Eventually, from Equations (1) or (2), the transformed vol-
umes extracted from force measurements (denoted by V) are
given by

v =i(AcAt—Vo A—G)
Er Y

(2)

G)

where A is the area of the sample’s face perpendicular to the
compression axis.

3.2. Magnetic Emission Measurements

Figure 3 shows the ME signals during a) a large and fast stress
drop, b) a small and slow stress drop, and ¢) a moderate stress
rise. Three interesting observations can be made based on this
figure. First, during each stress drop event, there are numerous
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Figure 3. a,b) ME signals corresponding to a) a large and fast and b) to a small and slow stress drops. c) A ME signal captured during a stress rise.

ME avalanche events appearing as sharp rapid voltage bursts with
typical durations of less than 50 ps. Second, the ME signal that
corresponds to the stress rise (Figure 3c) looks much like the ME
signals that correspond to the stress drops (Figure 3a,b). This
observation is elaborated and discussed in Section 4. Third, almost
all of the ME signal is unidirectional (negative) with respect to
zero voltage. This observation strengthens our claim that practi-
cally all 180° magnetic domains are annihilated, as otherwise, sig-
nificant positive ME voltage would be measured as well.

In Figure 3a, the baseline voltage deviates from zero during
most of the stress drop. A possible explanation for this effect
is that during this large and fast stress drop, there was a
small rigid motion of the entire sample, which resulted in an
effect similar to that of a permanent magnet moving inside a
coil. Such situations are rare in our conducted experiments,
but they may result in a wrong detection of ME avalanche
events, if not corrected properly. This issue is addressed in
Supporting Information.

In the following, we formulate a relation between the ME
measurements and the volumes that underwent twinning
transformation, Vy, during ME avalanches. According to Fara-
day’s law of induction, the voltage measured at the sensing
coil’s terminals is given by

do d

v :NAEZNAd_('UOMEI)

; ()

where N is the number of coil turns, d®/dt is the rate of change
of the magnetic flux through the cross-section area A, L, is the
vacuum permeability, M is the average sample magnetization
and e; is the longitudinal direction of the sample (see Figure 1).
Also

i \ T . — :uOMs
dt (#OM el) A'Ecoil

Vi ®)
where M; is the spontaneous magnetization of the material
(oM, = 0.65 T in Ni-Mn-Gal***)) and .5 = 6 mm is the length
of the coil. In Equation (5), V; is the rate of change of vol-
umes undergoing twinning transformation, which results in
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magnetization change by 90°. Substitution of Equation (5)
into Equation (4) and rearrangement of the obtained equation
yields

gcoi.l
N,u'OMs

7ME
VT =

(©)

As Vi is related to ME measurements, we denote it by VME,

We wish to emphasize that through Equation (6), our
experimental method provides an approximately linear rela-
tion between the measured ME voltage, v, and the rate of the
twinning transformation, V;. Thus, avalanche events (voltage
bursts) provide direct information on the studied process
(twin boundary motion). The approximation described by
Equation (6) is validated in subsection 3.3.

3.3. The Relation between the Force and the Magnetic Emission
Measurements

In this subsection, we verify that the transformed volumes calcu-
lated by Equation (6) based on the ME signals are in agreement
with the transformed volumes calculated by Equation (3) based
on the corresponding force measurements. During each stress
drop, there are numerous ME events; therefore, we perform the
following analysis. First, based on Equation (3), we calculate the
transformed volumes from the initial time of a stress drop, t;, to
every sampled point at time, t,, during the stress drop. That is,

Vi (t, 1) =l(Ac(tn -4)-V, )

Er

O'(tn)—O'(ti))
Y

Then, based on the ME measurements and by integrating
Equation (6), we calculate the same variable (V7) at the same
time interval (from t; to t,). Namely

tus
VA (i, 8,) = JVTMEdt

t

®)
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Figure 4. a) A stress drop. b) The ME corresponding to the stress drop in (a). c) Integration of the ME in (b), proportional to Equation (8). d) A boxplot
summarizing the statistics of the Pearson correlation coefficients (PCCs) of 216 stress drops. The median is indicated by the central red line, while the
bottom and top edges of the blue box indicate the 25th and 75th percentiles, respectively. The PCC values smaller than 0.9 are marked with red circles.

To provide a visualized example for the agreement between
Vi and Vi, we show the stress drop in Figure 4a and its
corresponding ME (Figure 4b). On the one hand, the time inte-
gral of the ME in Figure 4b according to Equation (8), which is
shown in Figure 4c, is proportional to V4'*. On the other hand,
the plot in Figure 4a is approximately proportional to Vf, as the
first term on the RHS of Equation (7) is much smaller than the
second term. The similarity between the shapes of the curves
in Figure 4a,c, where both are proportional to Vi, implies that
Equations (7) and (8) represent the same variable Vy based on
different measurements.

We further validate that Vf from Equation (7) and V3** from
Equation (8) are in accordance with each other based on the
Pearson correlation coefficients (PCCs). The calculations of
PCCs of these measured functions reveal a strong statistical
correlation between them, as out of the 216 considered stress
drops in nine experiments, over 97% have PCC >0.9 and over
84% have PCC >0.95. The statistics of the PCCs are summa-
rized in a boxplot in Figure 4d.

The aforementioned results indicate that, to a good approxi-
mation, the ME measurements represent the volumes that
underwent twinning reorientation. Consequently, using our
developed experimental method, the jerky motion of the twin
boundary can be directly studied at fine scales. Further, since
each stress drop avalanche is composed of numerous ME ava-
lanches, the ME measurements provide a large amount of data,
which is the focus of the following statistical analysis.

4, Statistical Analysis of Magnetic Emission
Avalanches

The analysis of ME signals is based on identifying the onset
and end point of each avalanche using the algorithm presented
in Supporting Information. For each detected ME avalanche, we
compute four variables: tqyaion—the time difference between
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the onset and end point of the avalanche; VT,max—the maximal
rate of the volume transformation during the avalanche, which
is proportional to the maximal absolute value of the voltage
during the avalanche; Vi—the transformed volume, calculated
by integrating the voltage over the duration time according to
Equation (6); tgely—the delay time from an end of an avalanche
to the beginning of the consecutive one. We evaluate the statis-
tics of each of the computed variables (Vi, Vima» taurations tdelay)
and present their complementary cumulative distribution func-
tions (CCDFs) in Figure 5.

Figure 5 compares the statistical distributions of two subsets
of data. The solid red curves represent 40000 ME avalanches
detected during 210 stress drops for which the PCCs cal-
culated in subsection 3.3 are larger than 0.9, indicating on a
high certainty of relating the measured ME avalanches to twin
boundary motion through Equation (6). The dashed black
curves represent 740000 ME avalanches detected throughout
the entire durations of all experiments, containing events that
occurred during stress drops, stress rises, and plateau levels of
stress. The congruence of the red and black curves of Vr, VT,max,
and tgration OVEr more than 99% of the data indicates that the
same microscale processes take place both during and between
stress drops. As expected, the curves of tyep,, in Figure 5d do
not coincide, indicating that the delay times between ME ava-
lanches are much shorter during stress drops than during
stress plateaux or stress rises. This means that the main fea-
ture of a stress drop is the high occurrence rate of microscale
avalanches compared to a much lower occurrence rate of these
events during other time intervals. )

Next, we study the types of the distributions of Vi, Vrma,
and tguration (distributions of tye,, are rarely reported in the lit-
erature and their analysis is based on different methodsl®!).
For this purpose, we focus on the data obtained during the
entire durations of all experiments, as it is richer than the data
obtained only during stress drops and presents approximately
the same CCDFs of Vi, Vi, and tguration. T ensure certainty

© 2021 Wiley-VCH GmbH
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Figure 5. The complementary cumulative distribution functions (CCDFs) of the variables a) Vi, b) V1 may, €) tdurations and d) tdelay- The red solid lines
denote 40000 data points obtained during stress drops. The black dashed lines denote 740000 data points obtained from entire experiments.

of the statistical analysis, we analyze events with Vg > 107" m?
and Vi 26.5x10™° m? 57 (nearly twice the detection capa-
bility), which constitutes =~ 90% of the entire data.

In the following, we apply two statistical analysis approaches,
both based on the maximum likelihood method.¥#! In the
first, we search for probability density functions (PDFs) that fit
the measured data over the whole analyzed range. We assume
that the PDFs, p, follow the commonly observed®*>! truncated
power laws of the forms

y y o VT,max
-7 tduration
p ( tduraﬁon ) o< ( tduraﬁon ) eXP ¢ (11)
tduration

We apply the maximum likelihood method*#4! for calculating
the values of the exponents (€, @, 7) and the cutoffs (V5, Vi,
Biuraion) that fit best to the measured data. Figure 6 shows the

v CCDFs of the measured data (black curves) and the calculated
p(Vr)ee (Vo)™ exp(_TCJ (9) distributions (magenta curves). The values of the exponents
Vr and cutoffs that correspond to the maximum likelihoods are
o Data —Calculated
10° = ——— —
@] \ (b))
G 102 1
g 10® 8 10~
O 144 O 1041
10J e=1.26 10J a=1.6
107k ye — 5110714 m? 107 ye e =53-107 m3/s
1g-1° 104 10718 107° 1078
VT [m3] VT,maa: [m3/ S]
10° iy S
1071 M.."“\ (C)
= 1072
S
S 1078
1074 =08
tguralimz =9.1-10%s
1076 1075 1074

tduration [S]

Figure 6. CCDFs of the measured data (black circles) and the calculated (magenta curves) distributions of the variables a) Vi, b) Vi .y, and €) turation
based on Equations (9)—(11). The values of the parameters are indicated in the plots. The red dashed lines show the cutoff values.
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Figure 7. a) € versus Vg, b) & versus VT,max, and c) T versus tqyation- The black dots were calculated based on Equation (12) and the blue curves were
calculated based on Equation (13). The red error bars are the standard errors.[*:%l

indicated next to the relevant curves. The cutoff values are also
marked by the red dashed lines. In Figures 6a— ¢, the calculated
curves fit the measured ones over almost the entire range of
the data, but in Figure 6c¢, for large tg,paion values, the CCDF
of the measured data displays a trend change toward a more
heavy-tailed distribution.

In the second analysis approach, we analyze varying seg-
ments of the data. Here, we formulate this approach for a gen-
eral measured variable x, which in our case represents V7, VT,max,
Or tguration- Following the method described in ref. [49, 52], we
calculate the function

B(x)= 1+n[21n( o )] (12)

i=1

where x; are the n measured values of x that satisfy x; > x™",
For an ideal power law distribution of the form p(x) e x7# that
extends over the whole range of the measured data, B is the
maximum likelihood estimator of the exponent f. In such
cases, Equation (12) is expected to satisfy B=p forall values of
x™in, In practical cases, B(x™) is not strictly constant, but in
many previous studiest16:30] such plots displayed a plateau that
spanned over a discernible range of the measured data.

For more complicated PDFs, such as truncated power laws
or a mixture of power laws, ﬁ is no longer the estimator of
the exponent. Nevertheless, the maximum hkehhood method
enables obtaining analytical expressions for B(x based
on which the calculated data of f versus x™" can be ana-
lyzed.’?l In particular, for truncated power law distributions
of the form p(x) o xPexp (—x/x°), such as those described in
Equations (9)—(11), B versus x™n is expected to display a
monotonically increasing function expressed by>2

Adv. Funct. Mater. 2021, 31, 2106573
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Bxmn)=1+ J o exp(ox ) ds (13)
[ g/ exp (/€ ) dx

min
x

If xC is very close to the largest measured value, Equation (13)
still displays a plateau at a value 3~ 8 spanning over most of
the data range. (52 Yet, Equation (13) predicts cases in which the
plot of 3 versus x™ does not display a plateau at any segment
of the data, and > for all values of x™in 52

We implement the analysis described in Equations (12)—(13)
by replacing x and B with our measured variables Vi, VT,maxy
OF tquation and their exponent estimators €, &, and 7,
respectively. Figure 7 shows plots of €, &. and £ versus the
respective minimal values Vi™, Vi, or tie., which replace

x™i% The analytical predictions represented by the blue curves
were calculated using Equation (13) by replacing 8 and x© with
the maximum likelihood values of the exponents and cut-
offs obtained from the analysis of the whole data presented
in Figure 6 (1e €=126, =16, 7=08, Vy =51x 10" m’,
Vi =5.3%107° m3 57, 50000 =9.1x 10°° ).

In Figure 7a,b, the monotonic increases of the calculated
black dots demonstrate the substantial effects of the exponen-
tial contributions to the PDFs expressed by Equations (9)—(10),
even in the ranges smaller than the cutoff values. Further,
the good agreements of the blue curves with the black dots
strengthen the choice of fitting truncated power law functions
to the measured PDFs and shows that both methods of data
analysis provide the same predictions for the exponent and
cutoff values.

In Figure 7c, the blue curve fits the black dots over the
majority of the data, but for large tqu.0n values the black dots
deviate from the blue curve, reach a local maximum, and then a
local minimum. The region in Figure 7c at which the black dots

© 2021 Wiley-VCH GmbH
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deviate from the blue curve approximately coincides with the
region of large ty,raion values in Figure 6¢, at which the meas-
ured CCDF displays a trend change. The shape of the curve
formed by the black dots in Figure 7c might be an indication for
a combination of two power laws and an exponential truncation,
similar to the case-study discussed in ref. [52]. At the moment,
there is no mathematical framework to verify this conjecture.

The exponent values € = 1.26 and o = 1.6, obtained by both
analysis methods are slightly smaller yet close to the expo-
nents predicted by the mean-field theory!>™33 and are in the
range of exponent values commonly observed in experimental
works.[13373854 The obtained exponent 7 = 0.8 differs from
theoretical predictions and experimental observations.!>14%3
The obtained cutoff values are relatively small and are approxi-
mately in the middle range of the measured variables. This
issue is discussed in the next sections.

5. Discussion

5.1. The Scales of Twin Boundary Displacements and Energies
during Avalanches

The measured values of the transformed volumes allow us to
estimate the scales of twin boundary displacements during ava-
lanches. At scales larger than the atomistic scale, twin bounda-
ries lay on preferred crystallographic orientations and tend to
move roughly as flat planes.>8%5 The force measurements
captured stress drop avalanches with transformed volumes
in the range of 5 x 10™ m’<Vf <4x10° m? Such events
can be obtained by a motion of the entire twin boundary area
(Arg = 107 m?) as a flat plane for a distance of 5 — 400 um.

Our results show that each stress drop avalanche is com-
posed of numerous smaller and faster avalanches captured by
the ME measurements. The largest value of Vi** observed in
Figure 6a is 2.5 X 1071* m3. Such event can still be obtained
by a motion of the entire twin boundary area for a distance
of 25 nm. In contrast, events with V; values smaller than
4x107" m?, which constitute =60% of the data (see Figure 6a),
cannot be explained by a motion of the entire twin boundary
as a flat plane, as this scenario results in a twin boundary
displacement smaller than a single lattice spacing (0.4 nm).
Thus, most of the measured ME avalanches relate to motions
of a small fraction of the twin boundary for distances at the
nanometer scale.

The transformed volume values measured by the ME sensor
are in the range of 5 x107° m *< V2"* <5x 107 m?, and are still
larger by at least nine orders of magnitude than transformed
volumes generated by thermally activated nucleation events
(=5 x 10 m?, according to ref. [45]) by which the twin
boundary propagates. A similar gap also exists between the
energies EME > 1.5 x 107" ] released during the ME avalanches
(EM* = V" Ger where & =0.5 MPa is an average stress and
er = 0.06 is the twinning strain) and the energies of thermal
fluctuations kpT = 4.1 x1072! | at room temperature (where kg is
the Boltzmann constant and T is the temperature).

As each stress drop avalanche is composed of numerous
smaller ME avalanches and according to the above
orders-of-magnitude volumetric and energetic comparison,
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we expect that each ME avalanche is composed of numerous
avalanches occurring at even smaller energy and time scales,
which are below the detection limit of ME measurements. This
conjecture is supported by the idea of self-similarity, which is
fundamental in many theoretical works explaining power law
distributions.* The above energy estimations indicate that
there is a wide range of ten orders of magnitude for additional
hierarchies of avalanches with energies smaller than the ones
captured by the ME measurements yet larger than kpT.

5.2. The Cutoff Values

Cutoffs of power law distributions may originate from various
reasons. The most common reason is the finite number of data
points, which results in a cutoff value that is very close to the largest
measured value.3%407-% Such observations are significantly dif
ferent from ours in which, for some variables, the cutoff value is
approximately in the middle of the range of captured events.

In theoretical models for classical criticality, a cutoff is
expected to appear due to a deviation of the ratio R between
the strengths of the disorder and the long-range interactions
(see, e.g., ref. [13]). At the critical ratio (e.g., R. = 2.16 in a unit-
less model3)) avalanches are found over all scales resulting in a
power law distribution. For R > R, avalanche sizes are limited
by a cutoff that decreases as the deviation from R, increases.
However, classical criticality is more typical to force controlled
(“soft” driving) mechanical experiments and is less expected to
occur under displacement controlled (“hard” driving) condi-
tions, such as those applied in our experiments.*" Therefore,
it is less likely that the cutoffs in our data can be explained by
classical criticality.

Here, we suggest that two of the cutoff values t§un and
VS e represent characteristics of the studied process. The
third cutoff value, Vf, is determined by these two cutoffs, as
VE = Vi Buraion. We note that the value of t§umion =9.1x107° s
is close to the time required for the elastic waves to travel along
half the crystal's length, which is =1.25 X107° s (assuming a shear
wave speed of 790 m s7!%%). This traveling wave time represents
the time it takes the information about a local twinning transfor-
mation event to reach the majority of the crystal volume. This
characteristic time also determines the time required for the
mechanical system to relax at the new metastable state. These
understandings lead us to suggest that the traveling wave time
provides a rough cutoff for the durations of most events.

In the following, we suggest that the cutoff V5, is related to
the maximal twin boundary velocity determined by the kinetic
relation for twin boundary motion. In the previous subsection,
we showed that the energies of ME avalanches are larger by
ten orders of magnitude than energies of thermal fluctuations.
Therefore, it is unlikely that energy barriers for initiation of
ME events are at the order of thermal activations. Nevertheless,
after an ME avalanche has begun, its rate V; may be bounded
by the thermally activated kinetics of twin boundary motion
over the lattice barriers.2443:621

Figure 8 presents measurements of the average twin
boundary velocity, vrp, during rapid magnetic pulses of
approximately constant field and durations of 40 or 120 us(?4
(a slightly longer, but similar, timescale as of the ME avalanches
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Figure 8. The black dots represent measurements of type | twin boundary
velocities, vrg, during magnetic pulses of different driving forces, g. The
blue squares are the maximal velocities for different values of g and their
linear fit is given by the red solid line. The red dashed line shows the
extrapolation of the fit to the value g = 30 k] m~, which is approximately
the driving force in our experiments. Data is adapted with permission.?l
Copyright 2013, Elsevier.

observed in our study). These experiments were carried out on
type I twin boundaries in the same Ni-Mn-Ga material as the
one studied in this paper. Inertia effects associated with twin
boundary acceleration have been shown to be negligible in this
study.®® The horizontal axis in Figure 8 presents the magneti-
cally induced driving force, g, for twin boundary motion. In
our study, the stress induced driving force for twin boundary
motion is given by g = ogr = 30 k] m~.

For a given driving force value, the data in Figure 8 is
scattered over 1-2 orders of magnitude due to pinning
effects.?*#362 This means that the twin boundary did not move
at a constant velocity during the pulse duration. Instead, during
part of the pulse duration, the twin boundary was pinned or
slowed down by local defects. Thus, the twin boundary motion
at the microsecond timescale was comprised of short times
at which the twin boundary moved at the maximal rate deter-
mined by the lattice scale kinetic relation, separated by time
intervals at which the twin boundary was pinned. This behavior
has also been demonstrated directly by high speed imaging of
the twin boundary motion.[*

Out of the measured data, the maximal velocity values cap-
tured at given driving forces v5(g) are marked by blue squares
in Figure 8. These values represent the behavior of an “ideal”
(defect free) crystal, at which the twin boundary velocity is deter-
mined solely by the lattice barriers.?**%2 Under such condi-
tions, the twin boundary motion follows an exponential kinetic
relation governed by thermal activation.?#*362 The red solid line
denotes a linear fit to the maximal velocity points (blue squares)
and its extension (red dashed line) is an extrapolation that
reaches the value g = 30 k] m™. According to Figure 8, the max-
imal twin boundary velocity at the driving force applied in our
experiments is expected to be v{; (30 k] m™) = 5.6 x10™* m s7%.
This value is very close to the average twin boundary velocity
calculated by Vi /A =5.3x107 m s,

In light of the agreement between meax measured in our
experiments and v§; obtained from high rate pulse experiments,
we suggest that the cutoff value Vine relates to avalanches
during which Vi mae 18 bounded by v$s. That is, avalanches with
Vi e < Vinay  COtTEspond to events involving twin boundary
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motion at velocity determined by the kinetic relation (v7y(g))
and short waiting times (much shorter than the ME temporal
resolution) during which the twin boundary is pinned. We note
that the VT,max values that are larger than the cutoff may corre-
spond to events with higher driving force (higher stress).

6. Conclusions

The combination of simultaneous measurements of force
and ME have been demonstrated to provide insightful data.
The experiments were applied to the study of twin boundary
motion in the FSMA Ni-Mn-Ga during slow compression. The
experimental conditions were carefully designed to eliminate
the effect of “ordinary” magnetic domain switching, such that
the measured ME voltage is approximately proportional to V-,
where Vy is the volume undergoing twinning transforma-
tion due to the motion of a single twin boundary. Indeed, our
analysis showed that the values of Vr calculated based on ME
signals are in excellent correlation with the Vy values calcu-
lated based on stress drops. Thus, to a good approximation, the
measured ME is directly related to local twin boundary motions
at the nanometer and microsecond scales.

The variables Vi, Vi fdurations and tqelay have been calcu-
lated for each of the detected ME avalanches, and their distri-
butions have been investigated. The distributions of Vi, Vi,
and tgyraon related to avalanches occurring during stress drops
and between stress drops coincide with each other over more
than 99% of the data. These results indicate that the same
microscale processes occur both during and between stress
drops. At the same time, the distribution of t4,, of avalanches
occurring during stress drops is shifted toward shorter times
by 1.5-2 orders of magnitude with respect to the distribution of
taelay Of avalanches occurring between stress drops. This means
that the rate of avalanche occurrence is much higher during
stress drops.

Two different approaches based on the maximum likelihood
method showed that the distributions of Vi, Vima, and tguration
fit well to power laws truncated by exponential functions. The
cutoff values were found to be in the middle of the detected
avalanches’ range, resulting in a strong effect of the exponential
functions on the PDFs, even in ranges smaller than the cutoff
values. We suggested physical explanations for the source of
all cutoff values. Specifically, tfon Was related to the time
required for the elastic waves to travel along the sample, Vi,
was related to the kinetic relation for twin boundary motion
over the lattice barriers, and V¥ was related to the product of
tguralion and VTCmax

The remarkable match of Vf,.. measured in our experi-
ments and vi; obtained from fast magnetic pulse tests
implies that the same type of jerky twin boundary motion
occurs both under pulses of large driving forces and under
slow rate tests at small driving forces. Similar behavior was
demonstrated at much smaller length and time scales, using
molecular dynamics simulations. Specifically, twinning reori-
entation in a ferroelastic material displayed the same micro-
structural evolutions and avalanche distributions under a
broad range of strain rates.%! In our study, the jerky motion
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Figure 9. Illustration of the experimental setup, which is based on slow
sample compression due to thermal expansion of the pushing rod. The
force applied to the sample, as well as its magnetic emission (ME), are
simultaneously measured throughout the experiment. An external mag-
netic field is applied to the sample such that the microstructural configu-
ration illustrated in Figure 1b is achieved.

is composed of events at which the twin boundary velocity is
determined by the kinetic relation, characterized by vi(g) or
Vinn(g), followed by delay times, which are distributed over
more than five decades (see Figure 5d). Events separated by
delay times shorter than the temporal resolution of the meas-
urement system are merged into one detected avalanche in
slow rate tests or averaged in high rate tests. In line with this
description, we showed that avalanches detected by stress
drops are composed of numerous smaller and faster ME ava-
lanches that are below the detection capability of the force
sensor. Further, our analysis implies that there are additional
unexplored hierarchies of avalanches with sizes and durations
that are smaller than the detection capabilities of the ME
sensor but much larger than typical values for thermally acti-
vated nucleation events.

The above unified description of the nature of twin boundary
motion at both slow and high rates calls for further studies
aimed at formulating a unified theory for the twin boundary
motion at all scales and rates.

7. Experimental Section

The experimental setup is illustrated in Figure 9 and is based on a
slow uniaxial sample compression induced by thermal expansion of a
1.2 m aluminum rod (tube) with a heater inside of it. A small and stiff
thermally isolating device was placed between the pushing rod and the
sample. The heater was connected to a temperature control circuit that
enabled a constant heating of the rod and, consequently, a constant
displacement of the rod’s edge. Eventually, the sample was compressed
at a constant rate of c =2 um s\

The other end of the sample was in contact with a force sensor, such
that the force applied to the sample was captured during the experiment.
The force sensor (Kistler 9215A) had a resolution of T mN and a natural
frequency higher than 50 kHz; hence, it had the ability of capturing
events at the sub-millisecond scale. The signal of the force sensor was
amplified by a Kistler 5015 amplifier, which was connected to a NI PCI
6071E data acquisition (DAQ) card. The force channel was acquired at a
rate of 10 kSa s™".

A sensing coil (ME sensor) recorded the magnetic activity of the
material throughout the experiment. The coil was made of a copper wire
of 50 um diameter and was wrapped around the sample N = 200 times.

Adv. Funct. Mater. 2021, 31, 2106573

2106573 (10 of 11)

To prevent the coil's movement during experiments, it was covered with
a Teflon tape. The sample and the coil were placed inside a polymethyl
methacrylate (PMMA) holder that fixed the coil with respect to the
sample yet allowed the sample to elongate freely. The magnetic signal
was amplified by a dedicated amplifier with gain of 655. The amplified
signal was transferred to a NI PCl 6111 DAQ card and was acquired
at 4 MSa s7. The two DAQ cards were synchronized by a preliminary
electrical test, resulting in a time accuracy better than 0.25 us.
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