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ABSTRACT

Meta-magnetic shape memory alloys (MMSMASs) displaly abrupt change in
magnetization across the martensitic transformat®imultaneous detection and statistical
analysis of the emitted acoustic and magnetic BpisEcompanied with martensitic
transformations are important for better understandf the magneto-structural coupling, and
for utilization of well-characterized acoustic angnetic signals for practical applications.
In the present work, characteristics of thermabuatic and magnetic noises, detected during
martensitic transformation in théNizsCosMngsglniss MMSMA  single crystals, were
investigated for the first time. Statistical an@ysf the thermal spikes, appeared during the
calorimetric measurements at low cooling ratesi¢blfy below 1 K/min) showed that the
energy distributions followed a power law wit¥2.0240.3 exponent, which is in good
agreement with the exponents of energy distribubfoamcoustic and magnetic emission events
(&=1.720.1 and &1.740.2, respectively) The above exponents were independent of the
external magnetic field between B=0 and 250 mTerkgtingly, the acoustic and magnetic
exponents during cooling and heating were the santentrast to the expected asymmetry
based on the fact that the transformation demdsstian isothermal character during cooling
and an athermal one for heating. Upon interruptiagling, and dwelling at a temperature
above the martensite finish temperature, pracsical acoustic and magnetic noises were
detected, while upon continued cooling the noispeaped again, with the same critical
exponents. This indicates that the main discontisuevents, leading to noise emissions,
should be the same before and after dwelling a$ agelduring cooling and heating. In
magnetic noise measurements, under zero exteehd| fhe magnetic noise packets contained
voltage peaks in the detector coils in both (pesitand negative) directions. Under small
external magnetic fields (between 20 and 230 mi@,dctivity of magnetic signals increased
and the magnetic peaks, during both heating andingpoappeared more and more
unidirectional (i.e. peaks only in one directionrev@bserved) which can be attributed to the
increased magnetization of the austenite.

Keywords: Magnetic Noise; Metamagnetic Phase Transition; Shape Memory Alloys, Ferromagnetic Shape
Memory Alloys



1. Introduction

Ferromagnetic shape memory alloys (FSMAs) havaatd much attention in the past
few decades as high-performance actuator matetiadsto the large magnetic-field-induced
strain (MFIS) resulting from the rearrangementvaihtvariants in the martensite phases. They
are multifunctional materials which can be usedpplications such as actuation, sensing,
energy harvesting, and magnetic refrigeration [1¥Bley are also capable of generating large
amount of shape change under magnetic fields [4-7].

Ni-Co-Mn-In system is a special type of FSMAs whéhre first order structural and the
second order magnetic phase transitions overlaps,Tthese alloys exhibit metamagnetic
phase transition and called meta-magnetic SMAs (IMMS) [8-10], in which there is a large
difference between the saturation magnetizatiorisrodmagnetic austenite and paramagnetic
(or antiferromagnetic) martensite phases. As altresu this unique magneto-structural
coupling, MMSMAs demonstrate high magnetic work putt levels, nearly perfect
magnetoelasticity and magnetic shape memory effebtl7]. They can also be used in
magnetocaloric applications [8, 18, 19, 20, 21,82 23].

During martensitic transformations, the motion dfape boundaries is usually not
smooth, but has a stop-and-go character [24-28grdbéess of whether the transformation is
triggered by thermal, mechanical or magnetic stinfbiimilarly, the stress or magnetic field
induced rearrangements of martensite variants dstrate a jerky character [30, 31] too.
Therefore, it is possible to detect both acoustid emagnetic noises, when the martensitic
transformation or martensite variant reorientatisnraccompanied with abrupt changes in
magnetization [24, 31].

The nature of the aforementioned jerky charactecusently an active area of
discussion [24, 29, 32, and 33]. The formation aftensite variants during cooling (or their
disappearance upon heating) is an intermittentga®characterized by avalanches, which can
be described by the power law distribution equation

P(X) = X ‘exp(—X/X,), Q)

where X can represent the amplitude, size, energy or iduradf the jerks,e is the
corresponding exponent, aid is the cutoff value [24, 32, 33, 34]. This powawlbehaviour

is a characteristic sign of structural processesvslg so-called “driven criticality” [24, 32,
33] and it predicts universal exponents, expecteddpend only on the symmetry change
during the phase transformations (see e.g. [29])th@ other hand, it was observed in selected
experiments that these exponents exhibited detecthtberences even between heating and
cooling cycles through the martensitic transforomat[35]. Similarly, the exponents were
determined to vary with the microstructural lengtales (e.g. in alloys with and without
nano-precipitates [24, 36, and 37]). Therefore stia¢istical analysis of noises associated with
the jerky behaviour and the time correlations @ tlmise signals (i.e. whether a given signal
is fully independent from the previous events ot) nmay reveal important statistical
information on the fundamental physics behind thertemsitic transformation, such as the



nature of the magnetoelastic coupling, and on Hamge of magnetization during martensitic
transformation or martensite variant reorientation.

To date, magnetic and acoustic emission measuremame carried out only in pMnGa
[26, 27, 28, 38] as well as in MFesGaCos (at. %) FSMA single crystals [24, 36, 37],
where both the austenite and martensite phasedeam@magnetic. To the best of our
knowledge, these kinds of measurements have not pedormed to date on MMSMAS,
where both magnetic and structural transitions fdee simultaneously. Thus, in the present
work, we report, for the first time, acoustic andagnetic noise measurements during
temperature-induced martensitic transformation betwvery weakly magnetic (martensite)
and ferromagnetic (austenite) phasesNigsCosMngsglniss MMSMA single crystals, i.e.
during the meta-magnetic transition. It is antiégohathat the identification of characteristics
of acoustic and magnetic signals during the metgrmiic martensitic transformation will
also have future implications for the structurablbiie monitoring and sensing, where these
materials can be utilized as sensory materials.

There are several unanswered questions relatetheonoisy character and the
asymmetry of the forward and reverse martensiéicgformations in FSMAs [35, 39, and 40].
Two types of asymmetry have been reported so fathé first type, it is recognized that
during athermal martensitic transformations, theseoactivities (and the corresponding
exponents) for the forward (from austenite to nmegiie) and reverse transformations are
different, and the rationale is based on the diffepossible ways of relaxations of the elastic
strain energy [35]. In the second type, primamyMMSMAs, another type of asymmetry is
manifested: the forward transformation has isotlaromaracter, whereas the reverse one is
still athermal [40]. The observed asymmetry of pheperties (ac impedance and dc resistivity
in polycrystalline samples), in this second typ®, aittributed to the effect of magnetic
ordering: it opposes the forward and promotes &wense transformation. Therefore, in the
present study, the following question is also askd: how does this type of asymmetry
influence the acoustic and magnetic noises duhegdrward and reverse transformations in
single crystalline MMSMASs?

2. Experimental Procedures

NissCosMngg dnisza (at.%) was fabricated by vacuum induction meltofgelementally
pure constituents. Single crystals were then grivam the alloy using the Bridgman method
under helium atmosphere. 1.5mm x 1mm x 4cm squads mere electrical discharge
machined from the single crystals, with the longs @f the specimen oriented along the [011]
direction. These specimens were then wrapped taltan foil and placed into a quartz tube.
The tube was exposed to high vacuum (~3.0 X Torr) for 30 minutes, and was backfilled
with ultra-high purity argon before being sealetle Bpecimens were then heat treated for 24
hours at 900°C, and subsequently quenched in recmérature water, with vigorous stirring,
without cracking the quartz tube.

The calorimetric measurements were carried outi@irto the procedure described in Ref.
[24]. For the noise analysis during the DSC meamsargs low cooling and heating rates were
used because the peaks split into smaller peakl{vid beneficial for the analysis) only if
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the temperature ramp was low [26] (typically bel8wK/min). The mass of the examined

crystals was 13 mg. The DSC measurements wereedaotit with a Perkin EImer DSC 7

device. The background noise was filtered and #ddration was made with the melting

point of ice as well as pure indium for each terapee rate. The energy probability

distribution functions were created (assuming ttie# heights of the DSC peaks are
proportional to the elementary energy releasedsoided) after 7 cycles of data collection to
ensure enough data points for statistical analysis.time constant of the device was found to
be 6 s. This value was taken into account in theutation of the contributions of the decay of
the overlapping peaks in the DSC spectra [24].

The acoustic signals were detected by a Micro-1(®8ysical Acoustic Corporation)
piezoelectric sensor connected by a steel wavedaitiee sample. The setup has a band-pass
from 30 KHz to 1 MHz and a 60dB amplifier was us@doustic wave packets were recorded
(the details of the data acquisition see below) #red method for the evaluation of the
statistics of the distribution of amplitude and yyewas similar to those used in Refs. [26, 28,
41].

For the measurements of magnetic noise and perlitgale following arrangement was
used: The magnetic signals were detected by auypckeil (300 turns) wounded directly on
the sample. The coil was about 5 mm long and m&@e05 mm-diameter copper wire. The
setup has a homemade 60-dB amplifier, with 0-200k&tmwidth. The sample was placed in
a heating element and it was closed in He atmosphside a stainless steel tube. The whole
system was immersed in liquid nitrogen. The signakre recorded using a National
Instruments PCI-6111 multifunction data acquisitmard, with a 5-MS/s/channel sampling
rate. All parts of the setup were grounded pregiselminimize the noises from the PID
controller and the electromagnet. Optimal Wienezotwolution [42] was used to decrease
the noise level in the magnetic signals, therelirgea larger range of avalanche sizes. For
simultaneous detection of acoustic and magnetisgon (AE and ME, respectively) signals,
the sample was inserted in an aluminium sampleendided on a copper cold finger. The
cold finger was immersed into liquid nitrogen. Tieenperature of the sample was regulated
by a halogen lamp heater in the sample holder.séhgple holder was placed in the air-gap of
a Weiss-type electromagnet, producing constant etagfield. In both arrangements the
temperature was measured with a copper-constahe&amaocouple, being in close contact
with the sample and controlled by a proportionébgnal-derivative (PID) controller: it
provided linear heating/cooling during the measuwets. For simultaneous detection of AE
and ME signals, we used the NI PCI-6111 data attoprisboard in two-channel mode. The
sampling frequency was 500 kHz. The applied codtegting rate for this type of
measurements was 5 K/min, which was sufficienetch baseline separation even in the high
activity areas.

3. Experimental Results

The magnetic permeability of the sample was medsasea function of temperature, with
the help of 1 kHz sinusoidal signals. The perméghg much higher in the austenite phase
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than in the martensite, therefore during the phasesformation, there is an abrupt change in
the permeability of the samples. The magnetizatimve of the austenite was measured by
vibrating sample magnetometer (Fig. 1), parallehwie longitudinal axis of the sample.
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Fig. 1. Magnetic hysteresis loop of the austenite at roemmperature: the magnetic field was
parallel with the longitudinal axis of the sampiiré¢ction [011]).
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Fig. 2. DSC runs for heating (a, ¢) and cooling (b, d, @) the Ni;sCosMngsglhis4 Single
crystals at different temperature rates (10 (all§g, d), and 0.3 K/min (e)).
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Fig. 3 (a) Hysteresis loop obtained from the permeabititgasurement (5 K/min, the
magnetic field was parallel with the [011] directjo(b) Hysteresis loop calculated from the
DSC measurement (3 K/min).

The results of the DSC measurements are showngnZ-ilt can be seen that the
original continuous envelope curves split into drpabks with decreasing rate, especially for
cooling. At the same time the spectra contain smalhd smaller peaks and they are less and
less separable from the background: for heatin@.&t/min, the peaks were almost at the
level of background and this is why it is not showrFig.2. It was also possible to construct
the hysteresis loops of the martensitic transfoionafrom the measured DSC curves, using
the normalized partial integrals of the Q/T cur{43, 44] (Q is the heat of transformation, T
is the temperature and the value of the entropsd dier normalization, was determined from
the measured DSC curves following [44] and was aBOuJ/kgK) for the estimation of the
martensite volume fractiog, (Fig. 3b). These are in good agreement with tretdngsis loop
determined from the permeability measurements @ay.
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The statistical analysis of the measured split @Bfves was carried out in a similar
way as described in Refs. [25, 26], using the priomaality between the peak height and its
energy [25]. The background noise was filtered wathproperly chosen threshold. The
individual peaks in our DSC have relatively longperential decay, which can lead to
overlapping with the next peak(s). Thus, first, timee constant of the DSC device (Perkin
Elmer DSC 7) was determined by applying a shorrlgmilse to the calibration sample in
isotherm mode, and from the response of the delieéime constant (t=6s) was calculated. It
was obtained that the peaks at rates higher thamibkconsiderably overlapped, while below
1K/min the overlaps were more moderate and thenatitn of the real peak areas could be
carried out (i.e. corrections, due to the decayetmelated to the thermal inertia of the DSC
system, were made). Thus the corrected peak vaklesging to 0.3 K/min can be accepted
as more reliable, and the energy probability dstion function clearly showed a power law
behaviour with a cutoff region (Fig. 4a)he relation (1) can be fitted to the experimental
distribution functions using a three-parametrigahlmear fitting by the Levenberg-Marquardt
least-squares method. The fitted exponents werediscked with the maximum likelihood
method[45,46]. For the calculation of the exponents, fdbganic data binning was used (the
whole interval was split into 15 parts). The maximilikelihood fitting in Fig. 4b shows that
the damping has an influence on the estimatioh@fEnergy exponent: this curve is similar to
the curve shown in Fig. 4b of [46] fot=E.=10 (E is the cutoff value), with no expressed
plateau on it, and thus the value &fvas estimated as the asymptotic value. Thus oor err
(taking also into account the repeatability and gbasitivity to the cooling rate) is relatively
large. It is about:0.3, also because of the narrow energy intervahefavailable energy
values and because the exponent was sensitive thithice of the threshold.

Cooling 0.3 Kimin (@) 16 (b) ;

104

Energy distribution
Critical Exponent (E)

14 . ) 44 €2 e

2x10* 10" 2x10" . . T
Energy (mJ) 0.02 0.04 0.06

Fig. 4 Log P versus log E for the cooling cycle, accogdin egn. (1) (summarized for 7
heating/cooling cycles with 0.3 K/min cooling ratlee number of hits was 3600). The energy
units of the horizontal axis are given in mJ frdra tnW values provided by the DSC, taking
t=1 s, and the straight line shows the linear pathe curve withe=2.0t0.3 (a). Maximum
likelihood fit; its asymptotic value is abotii? (b).



For the measurements of acoustic and magnetic yaisaew sample was used and
preliminary temperature runs (in the set up for simaultaneous measurements of AE and
ME) indicated a difference in the start and finismperatures, as compared to the previous
samples (this difference can be related to thenpialedifferences in the composition and
thermal history). Thus, one DSC run on this new gamwith mass 35 mg, was also
performed. The DSC runs for the new sample anddhesponding simultaneously measured
acoustic (AE) and magnetic emissions (ME) noise5 /min rates) are shown in Fig. 5. The
AE activity for heating was very low and we couldtect only small signals. Thus, in this
case the identification of the start and finish wasbiguous (Fig. 5c).
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Fig. 5 DSC runs (a, b), acoustic emission (c, d), and rggemissions emitted (e, f) during
the transformation for heating (left) and coolimiglit) for the NiysCosMngsglnis4 Single
crystals at the temperature rate of 5 K/min. Vatagaks in (e, f) belong to magnetization
jumps, and horizontal dotted lines in (c) showttireshold levels.
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Fig. 6. Energy distribution functions; Log P versus logdbtained from the acoustic and
magnetic measurements during heating (left) andirapdright) of NissCosMnssglnis4 Single
crystals without an external magnetic field (5 KjniThe numbers of hits were 414 for a),
30063 for b), 12212 for c) and 1097 for d), respety.

For the determination of the energy probabilitytridsition functions for acoustic
emission, the energy of an individual acoustic €enwas determined from an approximate
integration, taking the half of the product of gware of the voltage signal with the time (see
also [24, 28]). Thus, both the energy and amplitdidéributions were determined. Similarly
for magnetic signals, the energy of the peak wagqgtional to the integral of the square of
the peak amplitude (see e.g. [28]). In this c#ise,area of the signals was also calculated
according to their usual definition (e.g. the ageproportional to the product of the magnetic



signal amplitude and its duration). Fig. 6 showa, iflustration, the energy distribution

functions obtained at zero magnetic field (B=0)idgrheating and cooling for AE and ME.

The values of the energy exponents for AE were dlime for cooling and heating and
&1.7#40.1. It can be seen that the value of the energy exmioinom the DSC measurement
agrees well with the value for cooling within theoe bar. This is also in agreement with the
general rule [25]: since both methods detect thergies of the individual events, their
distribution should have the same-eritical exposent

Since the signal-to-noise ratio of the magnetic acsdustic noises during the phase
transformation without an external magnetic fieBR=Q mT) was poor (see e.g. Fig. 5c),
simultaneous acoustic and magnetic noises weredalseted during one cycle of heating and
cooling at different small external magnetic fiel(tetween B=20 and B=230 mT). The
magnetic field was parallel with the longitudinadisaof the sample (direction [011]). The
results are shown in Figs. 7, 8 and 9.
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Fig. 9 Acoustic (a, b) and magnetic (c, d) emission dgydaring the transformation: heating
(left) and cooling (right) at B=230 mT foNis;sCosMngsslniz4 single crystals. Note the
increased activity at low temperatures (area iridtdy the arrow), as compared to Fig. 5f.

All of the samples were measured with the same ifingtion and detection coils, so
the observed differences in the magnetic noisengiiie are caused by the differences due to
the inherent properties of the samples. It cangle| shat at B=0 mT the peaks are small (Fig.
5, see the scale on the vertical axis) and the evepéctrum is very noisy. At B=20 mT (Fig.
7), the peaks are higher and look as typical familar magnetic noise measured during
martensitic transformation [37]. A notable obseiwais that the peaks for heating as well as
cooling are mainly bidirectional (i.e. either pogt or negative amplitudes appear) at B=0
mT. Increasing the external field, the unidireciiboharacter becomes more and more clear
(see the spectra at B=20, 30 and 230 mT). Furtheniom the comparison of magnetic
noises at B=0 mT and B=230, it can be seen thatlhexpressed higher activity appears at
the end of the cooling part (compare Figs. 5 afor ME with the area shown by the arrow).
Nevertheless, the exponents of the energy, amplitaicka and width of magnetic noise peaks
in the whole spectrum did not depend on the extenagnetic field, within the experimental
errors. Table 1 shows these values for magnetisesocior illustration at different external
magnetic fields. For comparison, Table 2 presemisrgy exponents obtained from the
acoustic noises. It is worth noting that all ounamaum likelihood fits did not provide sings
of overlapping different elementary processes. Eigshows, as an illustration, the maximum
likelihood fit for the energy distribution of AE dag cooling in B=30 mT magnetic field. It
can be seen that there is no kink on this curvéchwvould be expected according to Figs. 2b
and 3b of [46], where the kink appeared due toawerlap of two distinct processes with
exponents 2.0 and 1.5.

Table 1. Exponents of magnetic noises at different extefieds, during thermal cycling at 5
K/min. The error bars are typicaliy0.1, except for the values at B=0 mT, where ithew
+0.2).
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Energy Exponent Amplitude Area Width
B (mT) up down up down up down up down
0 2.0 1.7 2.1 2.3 2.3 2.2 2.3 2.5
20 1.8 1.7 2.4 2.3 2.3 1.9 2.4 2.2
30 1.6 1.6 2.4 2.2 2.2 1.9 2.5 2.2
230 1.6 1.7 2.1 2.2 2.2 2.2 2.5 2.5

Table 2. Exponents of acoustic noises at different extefietds, during thermal cycling at 5
K/min. The error bars are typicaliy.1, except for the amplitude exponents, whicht£x8).

Energy Exponent Amplitude Exponent
B (mT) up down up down
0 1.7 1.7 2.9 2.4
20 1.8 1.7 2.4 2.4
30 1.8 1.7 2.6 2.4
230 1.7 1.7 2.7 2.6
3.0
28] AE Cooling 30 mT
2.6- .
E 24_‘ l‘
c 4
9 2.2 -
L>|J< i
= 2.0-
o 1.8-
W 164

1.4

1E-10 1E9 1E-8 1E7 1E-6 1E5
E,,
mii

n

Fig. 10 Maximum likelihood fitting for the estimation dfi¢ energy exponent for AE during
cooling in B=30 mT magnetic field (see also Fig).8b

Regarding the isothermal/athermal character oftthesformation, it was shown in
[40] that in a polycrystalline alloy with almostetlsame composition like ours, the austenite to
martensite transformation was isothermal, whilertheerse one was athermal. Thus, we have
carried out the following additional measuremeiftse cooling was stopped at 84 (before
the My would be reached) and the temperature was kemtaoinfor 5 minutes, then the
cooling was continued down up to °60 Fig. 11 shows the acoustic and magnetic noises
versus the time without external magnetic fieldinlyirthese measurements. Practically, no
ME during and after dwelling (or only very smallltage peaks) was observed, but a well
visible activity appears under the applied magnetid (B=30 mT) during continued cooling
(Fig. 12). Because of the very low magnetic agtivhe noises collected before and after the
stop temperature were separately evaluated onhth®@racoustic noises at B=0 mT. The
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energy distribution functions, determined sepaydial these two parts, are shown in Figs. 13
and 14.
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Fig. 11 Acoustic and magnetic noises during cooling (#maperature decreases from left to

the right) without external magnetic field Ni4sCosMngs 6l N3 4 Single crystals (obtained using

a 5 K/min cooling rate).
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Fig. 12 Acoustic and magnetic noises during cooling undeeraal magnetic field (B=30
mT) in NissCosMngs slniz 4 Single crystals (obtained using a 5 K/min cooliatg).
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Fig. 14 Similarenergy distribution functions as shown in Fig. 1Ba0 mT; Log P versus log
E, obtained from acoustic and magnetic measuremeuatsgg cooling iNNizsCosMnggsslniza
single crystals under the externally applied magrietld (B=30 mT). The numbers of hits
were 22187 for a), 2756 for b), 13683 for c) an8 & d), respectively.

The energy exponents were the same in both partdEo(e=1.7 for the first part and
&=1.7 for the second parf)e=0.1) and differ only slightly from each other for ME=(.6 for
the first part and=1.4, for the second padg=0.2).

4. Discussion of theresults

In metamagnetic SMAs, such as NiMnColn alloys stddhere, forward and reverse
martensitic transformations demonstrate, in genedifferent character: the forward
transformation is usually isothermal while the mseetransformation displays an athermal
character [40]. Such a response is usually notrabddan conventional ferromagnetic SMAs.
Therefore, it is critical to study the differendesthe jerky transformation behaviour during
both cooling and heating across the transformadiash compare the exponents of power law
distribution function capturing the jerky behaviauring both heating and cooling. This can
help to better reveal the kinetics of the transftion and the nature of the avalanches. Table
3 displays the comparison of the energy exponenterm zero external magnetic field
obtained from thermal, acoustic and magnetic naisebree different ferromagnetic shape
memory alloys investigated so far, including thegent metamagnetic SMA.

Table 3. Energy exponentg, in three ferromagnetic shape memory alloys fatimg (H)
and cooling (C) cycles, obtained from thermal (D@Cyustic emission (AE) and magnetic
emission (ME) noises in BMInGa, NigFe;sGa,7Cos and NisCosMngzg dnys 4 Single crystalline
FMSMAs.

NizMnGa [26,28] Ni4gFe]_3Géb7C06 [24,36,37] Ni450(x,Mn36,6ln13,4

(austenite: cubic (austenite: L2 cubic (austenite: B2 or L cubic
martensite: monoclinic) martensite: L, tetragonal, martensite: LJ, tetragonal, or
or 10M/14M modulated 10M/14M modulated
monoclinic + LL) monoclinic or 10M/14M

modulated monoclinic + L}

AE ME DSC AE ME DSC AE ME
HIC |H [C H C HIC|H|C|H|]C|HC]| H C H| C
- |17]168]|156|195|157|- |20|17 |20[16|17|- |20 |170 170 |20 |17

+ |+ + + + + |+ |+ |+ |z + |+01[x01| |=
0.2 | 0.04]| 0.04 | 0.03] 0.03 01]01]01]01]01 0.3 02 02

It can be seen that there is a positive asymmetriléEMnGa (the exponents are larger
for heating than that for cooling), it is slightlyegative for the NpFesGa7Cos and is
practically zero for the present ACosMnzsdniz4 Metamagnetic SMA. Furthermore, the
energy exponents, obtained from different noisesabmost the same within the error bars for
the same direction in the three alloys shown inl& &b While it is well established that the
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energy exponents obtained from DSC and acoustisseomis are the same [25], the fact that
the energy exponent of the magnetic noise is dls@ame can be an indication that the origin
of all types of noises during martensitic transfation is the displacement discontinuities
across the propagating interfaces.

Interestingly, there is no asymmetry in the enemgponents for the present
metamagnetic SMA. Although the noise activities evéarger for cooling, which would
indicate a positive asymmetry (i.e. the exponentsild/ be larger for heating than that for
cooling [35]) this minor effect cannot be distingfued within the present error bars. It was
observed in [40] that by interrupting the coolig @lso shown in Fig. 10), an increase of the
amount of the transformed martensite fraction dsnation of time was detected, which is
typical for isothermal martensitic transformatidfowever, it was not clear in [40] whether
the thermal activation assisted nucleation of ttetemsite and/or motion of the interphase
boundaries was responsible for the isothermal asmeof the martensite volume fraction. In
the present experiments practically no AE and MEsen@ctivities were detected during
dwelling, while during further cooling clear acagesand magnetic noises were obtained. The
fact that the exponents were the same before aeddelling indicates that before and after
dwelling the same noisy growth process of the maite takes place. This also means that the
power law behaviour was confirmed in both parts aadenergy distribution functions were
stationary, similar to those cases where a lackrititality was reported in other types of
crackling noises (see e.g. [47]). The practicalyoznoise activity during dwelling in the
present experiments can be rationalized only ifoorin dwell time was not long enough for
the transformation to continue (in [40] the martensolume fraction grew from 8% up to
13% during about 30 min), or the further growth gass during dwelling is different and
much less noisy, or the cooling process is nothemhal. It is also worth noting that the
asymmetry can also be different in polycrystallened single crystalline samples (see e.g.
[48]). Further investigations are needed to vepfy negate the possibility of the above
mechanisms.

Regarding the effect of the external magnetic field the acoustic and magnetic
noises, two major observations demand further dsou: i) increase in the magnetic noise
activity under a magnetic field, and ii) the chang the polarity of the magnetic emission
signals with increasing external magnetic field. the present alloy, the austenite is
ferromagnetic and the martensite is weakly magné&tiere is still a controversy concerning
the magnetic state of the martensitic phase [11588 however, the magnetic state of the
weakly magnetic martensite plays a minor role ia thagnetic noise, since all dominant
changes of magnetization are related to changeh®fvblume fraction of the strongly
magnetic austenite. Indeed, the source of the nti@gemnission can be correlated with the
changes in magnetization as follows. In the abseofceexternal magnetic field, the
intermittent decrease of the fraction of the feragmetic austenite phase during cooling leads
to magnetic signals in the detector coil in botheclions (Fig. 15a), since the vanishing
domains are randomly oriented and the magnetic arodistribution should correspond to an
almost zero remnant magnetization (see also FigrHys, in the detector coil bipolar signals
should be detected, as observed here. In an ekteragnetic field of about 250 mT, the
sample should be almost magnetically saturatedtlamsl the abrupt jumps of the interface

17



should lead to the changes of magnetization irséimee direction, i.e. unipolar signals should
appear (Fig. 15b), which was the case as showngin9 In addition, the amplitudes of the

emission signals should be obviously larger inpghesence of external magnetic field since
the individual jumps of magnetization during a aertinterface jump will be larger (the

whole area of the flopping magnetization has thmesarientation). Similar explanation holds
for heating.

o[ 2| = o —
o 4\ —_\ a —
o |HH S X e o

Martensite Austenite Martensite Austenite

Fig. 15 Effect of external magnetic field on the polamtythe magnetic signals in the detector
coil: the arrangement of magnetic domains in thstemite becomes more ordered with

increasing field.
Summary and Conclusions

Characteristics of thermal, acoustic and magmadises, detected during martensitic
transformation in théNiz;sCosMngsglniz4 metamagnetic shape memory alloy single crystals,
were investigated for the first time. The energg amplitude distributions of the DSC and
acoustic signals, as well as the energy, amplitadeg and the width (duration) distributions
of the magnetic signals exhibit a power-law behavio

The energy exponents obtained from the DSC measumts and acoustic emission
signals are the same within the experimental el(®r8.020.3 and &=1.720.1, respectively).
The fact that the energy exponent of the magnetisenis also the same can be an indication
that the origin of all types of noises during masiéic transformation in these alloys is the
displacement discontinuities across the propagatiregface.

The exponents of the energy and amplitude disiohatof the magnetic and acoustic
signals were independent of the external magniid in the 0-230 mT range indicating that
the character of the martensitic transformatiorthis same. Interestingly, however, these
exponents during cooling and heating were the santentrast to the expected asymmetry
based the fact that the transformation has an aswmidl character during cooling and an
athermal one for heating [40]. Interrupting cooliamgd dwelling at a temperature above the
martensite finish temperature, practically no atiouand magnetic noises were detected,
while with the continued cooling, the noise appdamgain, with the same exponents. This,
together with the fact the exponents were pradyidhke same for heating and cooling, also
indicates that the main discontinuous events, fgpth noise emissions, should be the same in
both directions.
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Under zero external field, the magnetic noise packentained voltage peaks in the
detector coils in both directions. In small extémmagnetic fields (between 20 and 230 mT),
the activity of magnetic signals increased andrtfagnetic peaks appeared more and more
unidirectional (during both heating and coolinghieh was rationalized taking into account
the increasing magnetization of the austenite.
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Highlights

¢ Noisy character of martensitic transformation in a metamagnetic SMA

e Thermal, acoustic and magnetic noises were simultaneously measured

e Energy exponents are the same for all noises (belong to same discontinuos events)

e Exponents of magnetic and acoustic emisson are independent of the magnetic field

e Magnetic noise becomes unipolar above 250 mT (magnetic saturation of the austenite)



