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Abstract: Acoustic emission, AE, belonging to a rubber-like deformation in a marten-
sitic state after the stabilization aging of the stress-induced martensite (SIM aging) of
Nis Fe1gGayyCoy single crystals in compression, were investigated. AE activity in the
plateau regions of the stress—strain loop is due to a massive reorientation from the variants
produced by SIM aging to the variants preferred by the compressive stress (perpendicular
to the stress used in SIM aging) and vice versa. For unloading, the large AE activity just at
the knee point of the stress—stain curve is attributed to the difficulty of the re-nucleation
of the SIM aging-stabilized martensite variant. The amplitude, peak energy, and area of
signals can be described by power-like distributions and the characteristic exponents are in
good agreement with data obtained in other alloys. Power law cross-correlations between
the energy, E, and amplitude, A, as well as between the area, S, and the amplitude, A,
were also analyzed. It was found that the exponents are given by 3 — ¢ as well as 2 — ¢,
respectively, with ¢ = 0.7. Normalized universal temporal shapes of avalanches (i.e., the
U4 versus Alt, ;
together. The tail of the normalized temporal shape decays more slowly than the theoretical

plots, where U is the detected voltage) for a fixed area scale very well

prediction, which can be attributed to an intrinsic absorption of AE signals and/or to the
overlap of sub-avalanches.

Keywords: rubberlike effect; martensite stabilization; acoustic emission; noise analysis

1. Introduction

The deformation of shape memory materials in a martensitic state can result in a large
residual strain due to the rearrangement of martensite variants (a superplastic behavior)
into a single variant structure preferred by the applied stress [1]. Aging in a martensitic
state under uniaxial stress (also called the stabilization aging of stress-induced martensite
or SIM aging) [2-10] leads to a stabilization of the induced martensite variant and its
reorientation (under a stress perpendicular to the direction applied during SIM aging)
and shows a hysteresis on the stress—strain curve without a significant residual strain
(rubber-like behavior) [2]. Thus, this rubber-like behavior, compatible with the two-way
shape memory recoverable strain of the usual shape memory alloys can have important
practical applications due to the large reversible shape change induced either by the
uniaxial stress or magnetic field in ferromagnetic shape memory alloys [6—10]. The most
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important mechanism of the variant rearrangement is the twin boundary motion, which
has a discontinuous character, leading to acoustic emission, AE, signals [11-14].

The above intermittent character is manifested in the emission of signal avalanches,
which have characteristic statistical behavior. The probability distribution density function
of a typical signal parameter, x (like the peak amplitude, A, area, S, or energy, E), according
to the tuned criticality behavior [15], follows a truncated power law form [12,15]:

P(x) o x‘”exp(—x> (1)
Xc

where y is the characteristic exponent and x, is the cutoff value. Here, x denotes a measured
parameter of the avalanche, like the amplitude, A, area, S, or energy, E, or duration, D.
Furthermore, well-known power law relations exist between the measured avalanche
parameters and, e.g., the mean field theory, MFT, [15-17] predicts that S ~ D7 with v =2
and S « A?, E « A3. Such power relations are consequences of the self-similarity of the
crackling noises [15].

It is well known that due to experimental difficulties (finite threshold values [18,19] and
transfer distortions of the original source signal [18-20]), most of the measured parameters
cannot reflect the features of the source (i.e., the rate of the intermittent local shape changes
during twin reorientations). For example, the duration time, D, (and related parameters
containing D in their definitions) for AE avalanches can be strongly polluted by the internal
absorption of the AE waves (which can be characterized by an exponential expression, e~ %,
where 7, is the attenuation time) [18,19]. It was shown in [19] that, although the exponents
of the probability distribution functions can be more or less free of such effects, the scaling
relations between the measured parameters can be strongly influenced. Moreover, it was
also pointed out in [19] that the correlations between S and A as well as E and A can be
characterized by exponents considerably less than the values given by the MFT. This is
called “enigma” for acoustic emission [19]. In a recent communication [18], the above
enigma was investigated by assuming a power relation between A and the rising time, R, of
the AE signal (R & A1~¢), and it was found that S & A?2~¢ and E « A3~ holds, respectively.
The values of ¢ were the same for the intermittent motions of interfaces between martensite
and austenite in two different shape memory single crystals, (of NigsCosMn3g 6Ing3 4 and
NiggFe13GanyCog alloys) with ¢ = 0.8 = 0.2 for both alloys.

It is also well known that the above-mentioned exponents in Equation (1) are quite robust,
and change only slightly for different mechanisms [18,21]. Thus, the focus is increasingly on
the average temporal shapes of avalanches, i.e., the average of the detected voltage signal
(U(t)) of the magnetic or acoustic emission for the fixed size or duration [16,17,20,22], which
can be better related to the given type of the mechanism [16,17]. Regarding the average
avalanche shape for fixed area, S, it was obtained from the theory [22] that

2

U(t) ~< o(T) >g= ate(+) )

where v(T) and U(t) are the interface velocity and the detected voltage. a and 7 are non-
universal (material-dependent) constants: 7 is the characteristic time of the avalanche
decay [23]. On this basis, the self-similarity of the emitted avalanches [21] is expected, and
using appropriate scaling parameters, the normalized U(t) functions should fall on a com-
mon curve for different bins of S. For the experimental verification, whether an appropriate
scaling can indeed lead to good scaling together, dividing both axes by S*° (based on the
power relations predicted by MFT, i.e.,, A 595 as well as D « A) was used [20,23,24].
However, no good scaling was achieved, and the curves did not scale completely in a
universal way. As it was mentioned above, there exists a power relation between A and
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R as well, as follows: R « A!~¢ [18]. Thus, by scaling the voltage by A and the time by
A'~?, nice common functions were obtained not only for the motion of interfaces between
austenite and martensite in NiggFe13GayyCog single crystals [18], but for the motion of the
individual twin boundary (of type I) in Ni-Mn-Ga single crystals [25] too.

This paper, we present experimental results on AE measurements during rubber-like
deformation (i.e., during twin rearrangements) of Nis; Fe1gGayyCoy ferromagnetic shape
memory single crystals. According to the best of our knowledge, this is the first complete
AE investigation for the whole cycle of such a large (about 15%) rubber-like recoverable
strain. In addition to the determination of the characteristic exponents in Equation (1), the
scaling relations between the area and peak amplitude as well as between the energy and
peak amplitude are determined and the obtained power exponents of these are used to find
normalization factors for the construction of universal average temporal avalanche shapes.
Our results will also be compared with AE results obtained during the stress- or magnetic
field-induced motion of single twin boundaries or different ensembles of twin boundaries
in NipMnGa alloys. Universal averaged temporal avalanches are also constructed at a fixed
area, by dividing the voltage and time scales by A as well as by A!~?, using the ¢ value
calculated from the exponents of power relations between the S and A as well as between
the E and A.

2. Experimental

The Nis; FejgGanyCoy single crystals were prepared using vacuum induction melting
and the single crystals were grown by the Bridgman method in a helium atmosphere at
Tomsk University, Russia. Dimensions of the sample were 3 x 3 x 5 mm. Homogenization
heat treatment was performed at 1175 °C for 1 h, which was followed by a quench to room
temperature. The B2 high-temperature phase of the quenched crystals undergoes a marten-
sitic transformation to the L10-martensite. SIM (stress-induced martensite) stabilization
aging was performed under compression along the [110] direction in the martensitic state
at 150 °C for 1 h.

Compression tests were made by an Instron 4465 tensile test machine at room temper-
ature along the [001]5 direction. Acoustic emission (AE) measurements were performed
by a piezoelectric sensor (MICRO-100S from Physical Acoustic Corporation, Princeton
Junction, NJ, USA), attached to the steel compression anvil (Figure 1). The microphone had
a good frequency response between 100 KHz and 1 MHz, which is nearly flat in the range
between 0.2 and 1 MHz (at about —75 dB in average) with maximum =+ 10 dB deviation (1 V
reference value). The microphone was integrated with a 30 dB pre-amplifier. Furthermore,
we connected a primary amplifier to the microphone with logarithmic gain, offering a
dynamic range of 90 dB and operating within a band pass frequency range of 30 KHz to
1 MHz. For the conditioning and acquisition of acoustic data, a Sensophone (Geréb and Co
GmbH, Budapest, Hungary) AE measurement system was used with a 8 MS/s sampling
rate (for the details, see [26]). In the evaluation of acoustic signals, a 0.04 V threshold value
and a4 x 107 s hit detection time was used.
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Figure 1. Schematic picture of the measuring setup. The arrow shows the sample and the box at the

top anvil is the sensor.

3. Results

The stress—strain curve, taken with a strain rate of 1.25 x 10—3 s—1 along the [001] 4
direction (which is perpendicular to the [110]5 direction of SIM aging) during the rubber-
like behavior of the Nis; Fe;gGaz;Coy sample, is presented in Figure 2a. The cycles were
stable and curves of more than 10 cycles were fully collapsed. As the result of SIM aging
(see, e.g., [7]), the recoverable strain is around 15%. Figure 2b shows the stress curves, and
the simultaneously measured AE signals as well as the cumulative energy of the AE signals
(X E = E;) as the function of time. The number of AE events remarkably increases on the
unloading curve (at around 125 s on Figure 2b), with a large jump in ) E.
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Figure 2. (a) Compression stress—strain curve; (b) stress (black), energy of acoustic emission signals
(red), and the cumulative AE energy, }_E, (blue) as a function of time (taken with a 1.25 x 1073571
strain rate). A large acoustic activity and large jump in )} E can be observed on the unloading curve.

The AE data were used for the calculation of the characteristic exponents in Equation
(1) for the area, S, energy, E, and amplitude, A. The S, E, and A of acoustic avalanches were
calculated from the detected voltage, U(t) (temporal avalanche shape) according to their
usual definitions [25]: A is the maximum value, S = fOD U(t)dt, and E = ¢- fOD U?(t)dt,
where R, is an arbitrarily chosen resistance (R, = 1 MQ)).

In order to get the exponents from Equation (1), the probability density functions, PDF,
(calculated using a logarithmic boxing of the quantities P(x;) ~ %, where N; and N denote
the number of events at a certain value of x; and the number of all hits, respectively) were
fitted using a two-parametrical nonlinear fitting by the Levenberg-Marquardt least squares
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method. As an illustration, Figure 3 shows the energy probability distribution density of
the acoustic signals, averaged for both directions. It can be seen that a straight line can very
well fit the points over about four—five orders of magnitude. The maximum likelihood fit
is a recommended method to check the reliability of exponents calculated from the log P
versus log E plots [27]. We obtained that, in all cases, the exponents determined by the
two methods were the same within the error bars given in Table 1 (see also Figure 3a,b).
Table 1 shows the calculated exponents for energy, amplitude, and area. We have carried
out a sensitivity analysis (always considering the corresponding maximum likelihood fits
as well), regarding the small upward curvature in Figure 3a. This is sensitive to the choice
of the threshold. The plot shown is the optimum fit with a 0.04 V threshold value.
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Figure 3. The energy probability distribution density function of acoustic signals obtained during
rubber-like deformation (a). (b) The maximum likelihood fit for the exponent.

Table 1. Power exponents of the acoustic emission parameters.

P(E)~E¢ P(A)~A™"* P(S)~S~*° E~A3~® S~A2-®
£ x J P 4
154+ 0.1 23402 1.6 +0.1 0.7 +£0.1 0.7 +£0.1

Figures 4 and 5 show the power relations between the energy and amplitude as well
as the area and amplitude, respectively. It can be seen that, in addition to the first parts,
belonging to small amplitudes, where the amplitude is comparable to the threshold (0.04 V)
and a downward curvature is observed (see also Figure 6 and Figure 7 in [18] or Figure 2d
in [25]), a straight line can be fitted. As it was shown in [26], such curvature appears if the
amplitude per threshold ratio is less than 10. Using the prediction of [18], the exponentsfor
the power relations between E and A as well as S and A can be expressed as 3 — ¢ as well as
2 — ¢, respectively. Table 2 also contains the values of ¢ obtained from our measurements.

It is worth mentioning that the data collected during the forward and reverse de-
formation were collapsed into one file; thus, the above exponents were calculated using
all (up and down) of the points. This is in contrast to the results obtained from austen-
ite/martensite transformations in different shape memory alloys, where frequently the
exponents for the up and down processes were different [28]. We will turn to this below,
commenting on the difference of the total numbers (}°N = }; N;) and total AE energy
(X E = Y ; E;) during loading and unloading branches and we will discuss the fine details
of the obtained AE data.
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Figure 5. LogS versus LogA. The insert shows the slope of the straight line fitted.

4. Discussion
4.1. AE During Loading and Unloading

The origin of the rubber-like behavior is the so-called symmetry conforming short-
range ordering [29] during SIM aging (which leads to a diffusional stabilization of the
given single variant martensite, preferred by applied stress). It is not surprising that the
recoverable strain is large for our Nisj Fe;gGayyCoy single crystals since, in this case, the
stabilized martensite structure is dominantly a single martensite variant, and the aging
temperature and time of SIM aging was high enough to reach the complete short-range
order according to this martensite structure [7]. The single variant martensite reorients
during the application of the compressive uniaxial stress (in [001] 4 direction, perpendicular
to the [110]4 SIM aging direction of austenite) and if it is a complete reorientation then a
recoverable strain close to the theoretical value can be reached, which is about 16.6% in this
alloy [7]. In our case, the experimental value is about 15% (see Figure 2a), which indicates
that the full potential of the transformation strain was not realized in our experiment. This
can be related to the fact that the SIM-aged state or the reoriented state (or both) is not a
fully de-twinned structure of the corresponding martensite (see also Figure 5). Here, we
use the notations of [7] and [30] for this alloy: the dominant variant V1 ([001]4 | [001]y)
is formed during SIM aging, while V2 ([010]4 | | [001]yp1) and V3 ([100]a | | [001]yg) are the
reoriented variants [30] (preferred by the stress under which the rubber-like behavior is
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investigated. see also Figure 3a in [7], as well as Figure 2 in [30]) The presence of variants V2
and V3 is the indication of the incomplete de-twinning [30]. Nevertheless, during loading
reorientation from the (initially dominant) V1 to V2/V3, it takes place and the reveres
process sets in during unloading.

It can be seen from Figure 2 that, for loading, there are some AE signals already before
the start of the plateau (at about 3.5% strain), but these most probably can be attributed
to micro-friction in the course of matching the sample to the testing machine [31]. The
sporadic AE activity and a slight gradual increase of the cumulative AE energy in the
whole remaining part of the loading stress—strain/time curve belongs to the reorientation
process from V1 to V2/V3. For the unloading part, the situation is different in the sense
that here, a large number of AE signals and a large jump in ) E appear at the beginning of
the plateau (at around 125 s), which is followed by a similar lower activity (like along the
loading branch) until the end. In this latter plateau region, a jerky rearrangement of the
variant structure takes place, either by the nucleation of the V2/V3 variant or by the motion
of the already existing boundaries between the V1 and V2/V3 boundaries. The above
picture is also in a good qualitative agreement with the simulation results on dynamical
tweed, mobile kinks, and movement in the twin walls in ferroelastic materials [32,33].
The amplitude of jumps was higher in the yield regime during nucleation (at around the
beginning of the plateau in our case) as compared to the plateau region where the transition
between V1 and V2/V3 took place.

The high local activity on the unloading curve also leads to a remarkable difference
in the total number of acoustic events and in the total acoustic energy (}_; N; = 1250 and
2500 as well as Y; E; =0.5 x 107 V2s and 5.5 x 10~* Vs for loading and unloading,
respectively), which suggests that there is an AE asymmetry. Since the nucleation processes
typically provide high AE activity [23,32,33], we interpret the asymmetry and large local
AE activity on the unloading branch by the difficulty of the re-nucleation of the initial,
differently oriented martensite variant V1. The difficulty is related to the almost completely
de-twinned structure of the initial state: from the twinned state (Figure 6b) (in which
twinning is the manifestation of some local stress relaxations by the formation of twins),
the formation of the stabilized de-twinned structure needs to overcome an energy barrier of
an elastic origin. Furthermore, the remaining part reflects similarly for the loading branch,
with the jerky propagation of the boundaries between the two variants. The relatively
large dissipation (wide hysteresis loop in Figure 2a) can also be a fingerprint of the difficult

re-nucleation of the V1 variant.

Figure 6. An optical micrograph of the martensite structure: (a) original, V1, state with a dominantly
de-twinned region, with minor residual twins; (b) twinned, reoriented, V2/V3, martensite; and (c) the
final state, which is equivalent to the initial state.

Thus, it seems that while the processes in the plateau are similar in both branches,
the above asymmetry is an indication that there are no nucleation difficulties for the
appearance/further growth of the V2/V3 variant in loading, but in unloading, the re-
nucleation of V1 is difficult. Understanding the structural details of this calls for a detailed
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microscopic investigation. Nevertheless, the fact that the observed transformation strain is
less than the theoretically predicted value also reflects that the V1 and V2/V3 end states
should not be fully de-twinned variants.

The above asymmetry in )N and ) E suggests that it is worth checking whether the
exponents of signals collected from the large local activity region only for unloading are the
same as the average values given in Table 1 or not. We will turn back to this point below.

4.2. Power Exponents of the Acoustic Emission Parameters

Firstly, we compare the exponents of the amplitude or energy probability density
functions, with exponents given in previous publications obtained either from the magnetic
field- or stress field-induced martensite variant rearrangements in ferromagnetic shape
memory alloys [11,13,25,34-36]. Table 2 contains the summary of the measured exponents,
with our value calculated from all of the measured points.

Table 2. Characteristic exponents of the energy (¢) and amplitude («) distributions measured during
the external field-induced rearrangements of martensite variants and/or during the jerky shift of
individual twin boundaries.

Single Crystal Summary € o
Nis Fe1gGapyCoy, this Rubber-like, 15401 23402
work, averaged Stress-induced ’ ' ' '
. Single twin boundary
NizMnGa [13] Type |, stress-induced 23+02
Single twin boundary
NioMnGa [13] Type 11, stress-induced (less than one decade 3.0+0.2
energy range)
Ni,MnGa [34] Type Il 1.54+0.1
NioMnGa [35] Typel 1.5+0.1
. Single twin boundary
NipMnGa [25] Type I, stress-induced 1.54+0.1 21+0.1
Ni,MnGa [36] After compression along the [100] direction, 15401 18402

magnetic field-induced

In [13,25,35], the AE results for a type I twin boundary were analyzed in Ni,MnGa,
while in [36], rearrangements of a magnetic field-induced twin boundary network was
investigated. In NipMnGa single crystals, the same energy and amplitude exponents can
be concluded (if we do not take into account the results of [13] for type II twin boundaries,
where less than one order of a magnitude-wide energy range was covered), which can be
summarized by ¢ = 1.5 & 0.2 and o = 2.1 & 0.2, respectively. It can also be seen from Table 2
that our present results are in good agreement with the above average data.

Thus, we can also conclude that the energy and amplitude exponents were the same
both for the stress- or magnetic field-induced motion of single boundary or for the motion
of different ensembles of twin boundaries in two different ferromagnetic shape memory
materials. This result is similar to the conclusion drawn on AE exponents (with slightly dif-
ferent average values as obtained for twin boundary motions) collected during the austen-
ite/ martensite transformations in Ni,MnGa, Nis; Fe1gGayyCoy, and NigsCosMnszg.6In13.4
single crystals [26].

The above results nicely demonstrate the robustness of the characteristic exponents
present in relations given by Equation (1). It can also be seen that the ¢ values, as ex-
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pected [18,25], are the same as calculated either from the cross-correlation between E and A
or S and A.

As it was mentioned already in the introduction, it is worth going beyond the compar-
ison of the energy and amplitude exponents only to investigate the scaling properties of the
temporal avalanche shapes at fixed areas. Before this, it is worth checking the exponents of
the AE parameters collected after the separation of the AE signals belonging to the large
local AE activity during the re-nucleation of the SIM ageing-stabilized variant, V1. We
carefully carried out this analysis and found that all the energies given in Table 1 were the
same for both the separated and the remaining signals within the error bars. In addition,
in Figures 4 and 5, and on the corresponding plots after separation, not any branching
was observed. As it has been shown in a series of papers [37—40], the multibranching (i.e.,
E =s;A? and fori=1and 2, s; # s;) stems from the overlapping of sub-avalanches within
one acoustic emission signal and the extent of this overlap can be different for different
avalanche mechanisms. It was also shown that this effect can be very useful in making
distinctions between different avalanche mechanisms [37]. Thus, we can conclude that on
the basis of our results, no distinction can be made between AE signals belonging to the
re-nucleation of the V1 variant and to the massive reorientation of the two variants (in the
plateau regions).

4.3. Normalized Temporal Avalanche Shapes for Fixed Duration and Area

The next step is the construction of the normalized (universal) temporal avalanche
shapes for a fixed area. The normalized functions for fixed area, in accordance with [18]
and [25], can be obtained from (2) by scaling the voltage scale with A and the time scale
with A'~¢, since according to [26] R « A? with ¢ = 0.7 (see Table 1). In constructing
the average avalanche shapes, firstly different avalanche size ranges (bins) were selected.
Within each size range, the avalanches were averaged, and the common avalanche parame-
ters (amplitude, size, energy, and rising time) were determined for the average function
belonging to this bin (see Figure 7). As a second step these functions were scaled together
by dividing the U axis by A and the t axis by A'~?, as it is shown in Figure 8. It can be
seen that, as expected, the averaged curves are collapsed, showing the self-similarity of
the avalanches over a wide size range. It is worth commenting on two characteristics of
Figure 8: (a) fluctuations (i.e., only a smoothed curve would fit to the shape predicted from
Equation (2)), and (b) the last part (above about a 300 reduced time) decays much more
slowly than predicted by Equation (2). The fluctuating behavior can be a consequence of
our relatively bad statistics as compared, e.g., with similar AE measurements on motion of
individual twin boundary in Ni;MnGa single crystals (the number of events was about
five times larger in [25] than in here). Another possibility is the effect of mechanical oscilla-
tions in the otherwise monotonic driving force [41]; if the typical durations of avalanches
is comparable to the period of oscillations of the testing machine, some oscillations can
appear on the temporal avalanche shape (this effect is expected to be more expressed in
experiments made on micro-pillars [41]). However, as compared to our measurements, in
NiggFe13Gay;Cog [18], the duration times of avalanches emitted during martensitic trans-
formation covered a similar range and the testing machine was the same: no oscillations
were observed on the averaged temporal shapes. Regarding the behavior b), it can be
noted that while in [25], the tail of the normalized temporal shapes at fixed area followed

1 *2

5 *

Equation (2) (~e72 , ¢t
NiggFe18GayyCog [18,25], here, an exponent of about 1 can be obtained (see Figure 9). This

= ﬁ) with exponent 2, as expected, for NiMnGa [25] or in

latter value is similar to the exponent obtained in [23] where it was mentioned that it can

t
be related to the absorption of the acoustic signals [18,23] characterized by an ~ e~ @ type
function. From such a fit, a 7, = 150 us attenuation time can be estimated which is in
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reasonable agreement with data obtained from AE experiments in BaTiO3 (7, = 20 us) [19].
However, in [23], it was also discussed as a still-open question, that the presence of a slower
decay in the tail region can also be related to the contribution of sub-avalanches. This can
lead to the Omori-type decay (postseismic slip), observed in earthquakes [42]): ~ t~7 with
p = 1. Figure 10 shows the logU* versus logt* plot and it can be seen that it can also be
fitted with a straight line and the slope of this is p = 0.91. Deciding between the above two

possible explanations calls for further investigations.
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Figure 9. Fitting the exponentially decaying tail of the curve on Figure 10 (U* = % and * = Alt,q, ):

according to Equation (2) (a) as well as by ~ e~ W type function (b). It can be seen that the fit ~ ¢~ W
is better, and it yields 7, = 150 ps.
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Figure 10. A logU* versus logt* plot from the tail region of Figure 8.

5. Conclusions

- Itis shown that, after SIM aging, there is a well-detectable acoustic emission activity
during the rubber-like deformation (up to about 15%) of Nis; Fe13GayyCoy single crystals.

- The observed large AE activity at the beginning of the unloading plateau on the
stress—stain curve and the observed large AE asymmetry for loading and unloading is
attributed to difficulties in the re-nucleation of the SIM-aged martensite variant.

- The characteristic exponents, calculated either from all of the data points, or from the
separation of the two types of AE signals (belonging to re-nucleation of the SIM aged
variant as well as to reorientations of the competing variants), are the same within the
error bars.

- Thenormalized universal temporal shapes of the avalanches for a fixed area, using the
amplitude, A, and Al-9 scaling parameters (i.e., the % versus ﬁ plots), were very
well scaled together, with ¢ values obtained from the E ~ A3~? and S ~ A2~¢ cross-
correlation exponents. The tail of this function decays slower by a smaller exponent
than the theoretically predicted one, which can be attributed to either the intrinsic
absorption of AE signals and/or the overlap of sub-avalanches.
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