Accepted Manuscript

Journal of

ALLOYS
AND COMPOUNDS

On the asymmetry of the forward and reverse martensitic transformations in shape
memory alloys

D.L. Beke, M.K. Bolgar, L.Z. Téth, L. Dardczi

PII: S0925-8388(17)34053-7
DOI: 10.1016/j.jallcom.2017.11.271
Reference: JALCOM 43964

To appearin:  Journal of Alloys and Compounds

Received Date: 12 September 2017
Revised Date: 21 November 2017
Accepted Date: 23 November 2017

Please cite this article as: D.L. Beke, M.K. Bolgar, L.Z. Téth, L. Dardczi, On the asymmetry of the
forward and reverse martensitic transformations in shape memory alloys, Journal of Alloys and
Compounds (2018), doi: 10.1016/j.jallcom.2017.11.271.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jallcom.2017.11.271

On the asymmetry of the forward and reverse martensic transformations in shape
memory alloys

D.L. Beke, M. K. Bolgéar, L.Z. Toth, L. Daroczi

Department of Solid State Physics, University obrieeen, H-4002 Debrecen, P.O, Box 2,
Hungary
Corresponding author e-mail: dbeke@science.unidefChL. Beke)

Abstract

Differential Scanning Calorimetric, DSC, runs taldening martensitic phase transformations
in shape memory alloys, often look differently ahgricooling and heating. Similar asymmetry
is observed e.g. for the numbers of hits or thacati exponents of energy and amplitude
distributions ¢ anda, respectively) in acoustic emission measureméntis.illustrated that,

in accordance with empirical correlations, the abasymmetry of acoustic noises can be
classified into two groups: the relative changeshef exponents during cooling and heating
(Ye=(en-€c)/ec as well asy,=(an-ac)/ac)) are either positive or negative. For positivealues
the number of hits and the total energy of acoustiission are larger for cooling, and the
situation is just the reverse for negative asymyne@ur interpretation is based on the
different ways of relaxation of the elastic stramergy during cooling as well as heating. It is
illustrated that if the relaxed fraction of theabglastic strain energy (which would be stored
without relaxations) during cooling is larger thdne corresponding relaxed fraction during
heating, then the asymmetry is positive. Magnetigission noises, accompanied with
martensitic phase transformations in ferromagradtays, show similar asymmetry than those
observed for thermal (DSC) and acoustic noises @gpends on the constant external
magnetic field too.

Key words: Shape memory alloys, Martensitic transformatiaynametry during cooling and
heating, DSC, acoustic and magnetic emission noise

1. Introduction

Differential Scanning Calorimetric, DSC, runs taketuring martensitic phase
transformations in shape memory alloys often lodteently during cooling and heating.
This is especially striking if the cooling/heatingtes are low enough (and the mass of the
sample is also small enough) i.e. the transiticadigbatic, but still athermal [1]. For example
in Fig.1 (taken from [2]), instead of having onedeienvelope-like DSC curve, the DSC
spectra split into a number of individual thermsggkes during cooling, while it contains only
one sharp peak during heating in,MnGa single crystalline samples with 10M modulated
martensite structure. Similar result can be seerFign 2, obtained in NiFeGaCo single
crystals [3]. The presence of separate peaks mabdesible the determination of the power
exponents of energy, (using that the heights of the DSC peaks are qutigmal to the
elementary energy released or absorbed) charantgtize distribution function of the energy
of individual peaks:



P(E) = CE~¢ exp (— EE) (1)

whereC is a normalization factogis the critical exponent artgl is the cutoff value (see e.g.
[2,3,4]). It is well-known that the martensitic misformation is an intermittent process
characterized by avalanches and the validity ofig1an indication of behaviour of driven
criticality [5,6]. Beside the above thermal avalaes, avalanches of acoustic and magnetic
emission signals can also be detected (see elj.]J2during martensitic transformations and
the probability distribution functions of amplitudd, size, S, and time, T, can also be
characterized by an expression similar to (1).
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Fig.1. DSC results for cooling (a) and heating (Bat flow versus temperature with 0.02 K/min rate
on NLMnGa single crystalline (surface roughened) sanglé85 mg [2]. There is a significant
difference between the two runs.

Thus it is not surprising that the above asymmistigiso manifested in differences of
the acoustic and magnetic emission noise activatiesumbers of hits as well as in the critical
power law exponents of the probability densitieshwf peak energy and amplitude [1-4, 6-
12], for cooling and heating. Fig. 3 illustratesstifior the magnetic and acoustic activity
during heating and cooling with 0.06K/min rate dgrithe austenite/martensite, A/M,
transformation in ferromagnetic MinGa single crystal [8]. Furthermore, Fig. 4 shais
energy distribution of acoustic emission, AE, irfFBGaCo single crystals (the energy of an
individual acoustic eveng;, was determined from an approximate integrationhef square
of the AE voltage by its duration time [7]) for hieg and cooling. More interestingly,
according to an empirical observation [3], the as\gtries can be classified into two groups:
i) the number of hits and the whole energy of acoustiission is larger while the energy and
amplitude exponents are smaller for cooling (pesiasymmetry)ii) the situation is just the
reverse.
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Fig.2. DSC peaks obtained on NiFeGaCo single drixgia3: a) cooling with 3K/min, b)
cooling with 0.3 K/min, c¢) heating with 3 K/min, deating with 0.3 K/min [3].
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Fig.3. Magnetic and acoustic activity during hegtamd cooling, with 0.06 K/min rate, during
the A/M transformation in NMnGa single crystal [8].
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Fig.4. Acoustic energy distributions for NiFeGaQugte crystals for sample No 1. in [3]. The
slopes of these straight lines are different faatimg (a) and cooling (b),=1.7 and &=2.0,
respectively (see also Table | below).

The origin of the above asymmetry, and especi@iéydxistence of the two different
groups, is not clear yet, although its understapduould be very important to make the
classification of the critical exponents proposed[13] (see also [1]) unambiguous. The
expected energy and amplitude exponents for diffeneartensite symmetries should vary
betweenc=2.0-1.6,0=3.0-2.0 from monoclinic to tetragonal symmetry\ihg intermediate
valuea=2.4 for orthorombic martensite) [1,13]. On theasthand, as it was also pointed out
in [2,3,7,8], the typical deviations between theresponding exponents for cooling and
heating are in the same range, which are the gestldifferences due to different martensite
symmetries.

In this paper we provide an attempt for the intetgion of the above asymmetries, by
considering possible different ways of partial xal@gons of the elastic strain energy stored
during the forward (cooling) and released during tbverse (heating) transformations. The
elastic energy accumulates due to the transformastrain belonging to the A/M
transformation: it is stored if this cannot be fyeeleased (e.g. by forming surface steps) and
the interaction/overlap of the elastic strain feeldf growing martensite variants result in
stored elastic strain energy. In the following fitease “elastic energy” will be used in this
sense. Our considerations will be primarily basedtlee analysis of the DSC, AE and
magnetic emission, ME, results obtained in singlestalline samples. Note that, as it has
been demonstrated recently [2,3,7,8,10,15,15], Isfmeously measured DSC, acoustic as
well as magnetic noise activities have quite a goaidcidence with each other, confirming
expectations that the thermal, acoustic and magspikes have the same physical origin and
related to the jerky character of interface motidneng austenite/martensite transformations.
Thus it is expected that the characteristics of dbeve asymmetry should have similar
features for thermal, acoustic and magnetic noises.

There is one very recent paper [17], dealing with asymmetry of AE activity during
forward and reverse transformations in CuzZn(13.7At¢47.0at%) and FePd(31.2at%) single
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crystals. The authors came to the conclusion tiatasymmetry could be a consequence of
the fact that while nucleation is required for thransformation from the austenite to
martensite phase, the reverse transition occufadtyshrinkage of martensitic domains. Thus
they argue that the asymmetry originates from ifferdnces of the nucleation processes. As
will be discussed, our approach is different andangue that the differences in the elastic
energy relaxations are at least as important adiffegences in the nucleation during forward
and reverse transformations.

Furthermore, our trial goes beyond the usual ambroaamely that the heat
measurable by DSC during cooling (indg»and heating (index h) can be given as [18,19]

Q= AU AEA+D, (2)
and
Qn=- AU¢ +Ep+Dp (3)

respectively, with the assumptions tiigt-E=E andD.=Dy. Here E; andD, are the stored
elastic as well as dissipated energies>Q, D.>0) during cooling, whilek, and D, are the
relaxed elastic as well as dissipative enerdigs(, D.>0) during heatingdU.=4U and 4U

is the chemical (potential) energy change of tramsétion AU = - L, L is the latent heat),
and 4U<0. According to (2) and (3jQ.+Qn)/2=D. and (Qn-Q.)/2= -4U - E. However, the
accumulation as well as the release of the elasigrgy (related to the transformation strain)
during the down and up processes are usually acmokgb by a partial relaxation of the
elastic energy (e.g. by acoustic emission). Sihesd relaxation processes can be different for
cooling and heating we will not suppose here thatE=E andD.=D, (see also below and
the Appendix).

2. Calculations

2.1. Notations
Let us introduce the following notations:

- g anda; are the energy and amplitude exponents accordiaguation (1)i=h andc
for heating and cooling,

- N;i andEjae arethe number of hits and the total energy of acousticssion. For
exampleE:ae is defined a&cae=2E.j, whereEg denotes the energies of the individual

AE peaks for cooling,
_ (en—e&) _ (om—ac) _ Np _ Enae

¢ & ' a ac ' N Nc’ N EcAE.
As it was mentioned earlier, for positive asymmgtry, >0 and,é<1.
- Eristhe elastic energy relaxed by AE during cooling,

- Etis the total elastic energy (which would be stareddked without its relaxation)



- Enisthe elastic energy relaxed by AE during heating.

2.2. Possible ways of partial relaxations of the a&ttic energy

Let us start from the picture depicted e.g. in [Z8ke also the Appendix): the
storage/release of the elastic energy during theda and reverse transformation itself is not
an irreversible process, whereas the presence adl lree energy barriers leads to
irreversibility and intermittent dynamics (e.g. s®$). Consider that during cooling and
heating two types of acoustic sources (local freergy barriers) are operative (see e.g. [12]
and [16,20]): i) usual frictional interactions diet moving interface (nucleation, pinning-
depinning events): these are active in both divesti ii) during cooling or heating partial
relaxations of the stored elastic energy (due teratction/competitive growth of different
martensitic variants) can occur in form of acoustitissions, AE. Regarding the relative roles
of these sources, while in [12] only the frictionaderactions were mentioned, in-NinGa
single crystalline samples it was demonstrated th@} AE events were originated from
specific local microstructural changes. It was doded in [16] that contributions to AE from
classical nucleation events could be excluded &ednbajority of the energy relaxations
originated from the variant-variant interactiongldrom the interaction of martesite variants
with grain boundaries (jamming effect) and pinndeginning effects played only minor role.
On the other hand, if the transformation took plemweards single variant martensite structure
the pinning and depinning were identified as domimaechanisms of generation of AE (see

e.g. [11)).

On the basis of the above observations we firstrags(on the grounds of similar
pinning/depinning events in both directions andleeghg the possible differences in the
nucleations) that the energy dissipated by usu@ldnal motion of the interfaces is the same
in both directions:

Di=D=D. (4)
On the other hand one can write for the total energasured by acoustic emission:

Ecap = 6gErc + 6pD (5a)
and

Enag = 6gErn + 8pD, (5b)

for cooling and heating, respectively. Hedgl (=E,D) denote the detected fraction of
acoustic energy emitted (obviously, because ofigtection losses, it is less than unity and in
principle can be different for frictional interaatis and elastic energy relaxations).

From (5a) and (5b) we can write

_ Enag _ ErptoD
EcaE Erc+dD |

with & &b/ &. (6)



It is expected thad should be in the order of unity. Furthermore ugtdefine the fractions of
the elastic energy relaxed by AE during cooling bhedting as

Be = EE_r: (7)

and

ﬁh _ _Ern Ern (8)

Et—Erc Et(l_ﬁc),

respectively. In the denominator of (B) -E. appears because this difference is the actual
elastic energy stored during cooling and part @l be relaxed by AE during heating. The
expression (6), with (7) and (8), can be rewritten

_ Br(-Bo+og

 Bereg ©)
from which theé=1condition can be given as
B = (10)

1_.80

In the expressions (6) (or (9) th&. and E, energies(or the = EJ/E: and 5(1-
Lo)=Em/E; ratios) can be different because the elastic intenas at the moving interface as
well as the development/regression of different termite variants, leading to
overlap/disintegration of their elastic field, che different for cooling and heating and
different parts of the elastic energy can be ralalzg emission of elastic waves (acoustic
emission). Thug can differ from unity.

On the basis of (6) we arrive at the conclusibrthe relaxed fraction of the total
elastic energy, £ (which would be stored without relaxation during@oting), E, is
larger/smaller than the corresponding relaxed frant during heating, E, then the
asymmetry is positive/negativé €1 or & 1). The same statement is valid for the total
energy of the acoustic emission peaks.

In principle, besides the determination of yaey,, 1 and s parameters, the estimation
of the values of3. andf, fractions, using DSC data (the heats during codding heating and
the entropy of transformation) and some additicmedumptions, is also possible (see the
Appendix).

Note, that there are indications in the literat(see e.g. [8,12,15,21]) that acoustic
and magnetic emission activities can also be okseafter the martensite finish temperature
during cooling. This indicates possible stressxaians inside the freshly formed martensite
even during cooling [8,12]. This fact can have @ftuence on the analysis presented before.
Indeed in this case the values Bf and E;, can be different and depend on the rate of
changing the temperature and on the time, whiclséimeple spent in martensitic state before
heated. Thus thératio can also depend on this time.



We can summarize the main arguments of this seetofollows. During the motion
of the martensite/austenite interface the developraad release of the martensite structure
(even without martensite variant rearrangementsngucooling) leads to AE. Positive
asymmetry § 4 <1) can be observed if during the formation of thartensite multivariant
structure additional rearrangements of the newlynéa variants takes place (leading to
considerable additional acoustic activity) and arenor less stable martensite structure
transforms back during heating: in this ca§&N. and Enae<Ecae. At the same time the
frictional contributions are less important (seaed6) and (9)). In case of transformation by
single interface motion less elastic energy accatmii/release is expected (there is only a
minor stress accumulation during cooling due todasy formation of the surface step at the
moving interface, especially if the transformatidékes place towards single variant
martensite structure) and it is expected that paihd & will be close to unity. Thus negative
asymmetry should be accompanied with some devafram the above main effects.

If the nucleation effects, as suggested in [17, iexportant then one has to drop the
assumption (4) and instead of it suppose thatDys, andD has to be replaced i, andDsx.
in the nominator and denominator of (6) and (9¥peetively. In this casé can also be
different from unity if these terms are importantiahe first terms are neglected. However,
taking into account the observation of [17]: “Artaresting feature is the fact that while the
forward transition on cooling occurs by nucleatand growth of martensite variants, due to
thermoelasticity, the reverse transformation octwyrsvariant shrinking.”, one can arrive at
controversial conclusion. Indeed on the basis efaibove statement it would be expected that
the AE activity should be higher for cooling thagaking, i.e.&<1. This is on contrast to the
observation of [17], where the AE activity was krgduring heating. Nevertheless,
emphasizing the asymmetry, it was concluded in [h@} “...the AE activity curves of the
forward transition look more jerky-like than thoserresponding to the reverse transition”
(see also the Section 2.3 below).

2.3. Correlations between the noise parameters

Let us consider the experimentally observed caiogla between thegz, y,, ¢ andn
parameters. Denoting by(E) the number of peaks of ener§y we can write for the total
number of hits measured by AE as

N; = [ n(E)dE, (11)

and using than(E) //E~4, if the cutoff region can be neglected (see dg.anergy density
functions shown in Fig. 3),

N;~ [ E~4dE, (12)
is also valid. Furthermore, for the total energyodustic emission we have

Eiag = [ n;(E)EdE ~ [ E'~% dE. (13)



One has to take the integral betwé&gn,=c andEmi=En, which is the minimal value d& on
then(E) function (see Fig. 4, where the numbers of hitssa@vn on the vertical axis): this is
a certain lower bound to the power law behaviourdascussed in [22]). Since e.qg.

1-¢; | . .
[E8dE = El_—g if §Z1 (& is typically between 1.5 and 2.5 see Table 1 beleerhave

1-¢ E
h h
Inpu= lnﬁc’v — (&n — &) MEpy + ln1 - «9:1 t 1 =e)in E:c -
O—(en — &) nEpp + In i_j o
~¢h

and

2—¢&

E Em
Iné= lnﬁ~ — (g, — &) IE,, + In = T 2- sc)lnE—m’: O

(e — &) InEpp + ===, (15)
~¢h

Here the terms proportional ia% are neglected in both (14) and (15) because%ﬂﬂfe

ratio is close to unity. Our results, using the mmaxn likelihood method to data measured in
single crystalline NMnGa and NiFeGaCo samples [2,3], showed that thienapE, values
were indeed very close for cooling and heating (Bige 6 in [3]) ]), indicating that the
appropriate threshold values were almost the s&wmeording to (14) and (15), fas, > &,
both 1z and & are less than unity: this is the case of posiisyynmetry. Finally, there exists a
well-known scaling relation between tbieande exponents [1]:

(a-1)=z(¢-1), (with 22). (16)

Thus,al& andy; [7y,. for negative asymmetry. and ), are negative as well asand £ are
larger than unity.

3. Results and discussion

Before making a detailed analysis of the availabl@erimental data it is worth
emphasizing that there is a very good coincidentethe AE, ME and DSC peaks
[4,8,10,15,16] obtained during heating or coolikgen it was shown [4,8] that the critical
energy exponents determined from the distributioosstructed on DSC as well as AE data
were the same within the experimental errors. Imae recent paper [8] the exponents of
energy and amplitude distributions of the ME and ddhals were also determined. Thus the
¥ and y, parameters will be gathered from all availableadat the above three types of
measurements. It should be noted that, when onpa@® Fig. 1 and the AE results shown in
Table | for the same sample (in tH¥ ®w) the number of peaks for cooling is largemttiar
heating in accordance wiilaN,/N.=0.84 obtained from AE. On the other hand, an apygar
contradiction can be meet, if the DSC curves shéwn 2 and the AE results shown in the
last row of Table | are compared: while the numifeDSC peaks are larger for cooling than
heating,u/1. This can be connected to the problem of experiadeatolution of DSC peaks



at the relatively large rates, which were availablehe experiments: the decay time of the
DSC peaks was relatively large, about 6 s [7], aneflapping of small peaks could happen
(see also our comments to Fig. 6 below).

Table | Parameters characterizing the asymmetNiiMnGa [2] and NiFeGaCo [3] single crystals.
Note that thef values were not given in [2] and calculated hesenfthe measured data, according to

the definitions = ?ﬂ andEqae=3,Eg,.
cAE

System Ve Va i3 Enae L= [\ £ &n O, Oh Ref.
(arb. Ni/Nc
units)
Ni,MnGa, single +0.27 +0.41 0.12 - 040 7166 1519 202 285 2
crystal, smooth AE +0.1 +0.1 +0.04 +0.04
Ni,MnGa, single +0.20 +0.33 0.33 - 0.84 21274 1518 203 270 2
crystal, roughened, +0.1 +0.1 0.04 +0.04
AE
Ni,MnGa, single - - - - - - 1.7 - - - 2
crystal, roughened, +0.2
DSC for cooling
Ni,MnGa, single +0.27 +0.29 - - - - 1.5 1.9 225 290 8
crystal, smooth ME +0.1 +0.1 0.15 0.2
NiFeGaCo single  -0.05 -0.20 6.9 - 1.1 1679 19 1.8 3.0 2.4 7
crystal, (No.1) 0.1 +0.1 +0.1 0.1
smooth AE
NiFeGaCo single -0.15 -0.14 6.4 16x16' 27 2943 20 17 29 25 3,7
crystal, (No.1) 0.1 #0.1 #0.1 0.1

roughened, AE,

NiFeGaCosingle 0.17 0.13 0.5 57xtb 09 5135 16 18 24 2.4 3

crystal, (No.2) 0.1 #0.1 #0.1 0.1
roughened, AE,

NiFeGaCo single [0 Co 1 3.4x10° 1 11400 19 19 238 2.8 3
crystal, (No.3) 0.1 0.1 #0.1 0.1
roughened, AE,

Since the two sets of measurements, made recemthngle crystalline NMnGa [2,8] and
NiFeGaCo [3,7] samples in our group, represent mormaplete investigations from the point
of view of the heating/cooling asymmetry let ustficonsider these data.

3.1. Results on NIMnGa single crystals

In ref. [2] calorimetric and acoustic emissiondiéis were carried out on MinGa
single crystals, with 10M martensite structurejoat cooling and heating rates (0.1 K/min
and below). It was illustrated that, besides tive ¢moling and heating rates, the mass and the
surface roughness were also important parametesptimizing the best signal/noise ratio.
We summarize here only the results obtained on“Nwa# treated” sample (the other two
samples had different preliminary treatments talpoe different twin structures and different
behavior in martensitic state) at 0.1 K/min driviiage as shown in the first two rows of Table
| for both original (smooth surface) and surfacegttened (made by electro-erosion) samples
[2]. In addition to the AE results, shown in Tablleit was also shown that the energy
exponents obtained from DSC and AE runs duringingat=1.7+0.2 as well ag=1.5t0.1,
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respectively) were the same within the experimeatabrs (see the third row in Table 1),
confirming the results of [4] obtained in polycgiine Cus7.642N16.74Al 15 655amples.

In accordance with the observation on the AE agtimade in [21] on similaNi;MnGa
samples, the number of hits was higher for cooliegthe asymmetry is positive here. In
addition to the results of AE the critical exporsent energy and amplitude of ME are also
included in the fourth row of Table | at zero exi@rmagnetic field [8].

Interestingly, surface roughening has only a meféect on the asymmetry: although the
number of hits and the values &and u for AE are larger for surface roughened samples th
values ofy; and ; are slightly smaller, and the deviation is smallen the estimated errors
due to the uncertainties of exponents.

In [21] the observed asymmetry in the acousticvégtivas attributed to the relaxation of
the martensite structure by twinning, which is wablitative agreement with our treatment
presented in Sec. 1.2. Furthermore, in [16] it Wissussed that AE events belonging to the
activity of martensite variants played the domingtrole as compared to the contributions
from pinning/depinning effects in pMnGa samples. This indicates that the second térms
the nominator and denominator of eqn. (6) can lggensted. In our recent paper [8] it was
shown that the AE activity as the function of thartansite volume fractiom, was stronger
at largern values and was different for cooling and heatifig. 5). This activity peak for
cooling can also be an indication of the relaxatminthe elastic energy by martensite
rearrangement during the transformation and caonob@ected to the observations (see also
[12,15,21]), that the asymmetry is accompanied witgnetic and acoustic noise activities
even after the martensite finish temperature ducoming of NpMnGa alloys. In accordance
with this, the positive asymmetry (s less than unity) indicates that/E; is larger tharkEn/E;

Bc
(orpp < sy

) in (6) (or in (9), respectively).

1200 |

1000 4 Heating

------ Cooling

800
600

400

AE activity (Hits/s)

200+

. . ; . ; .
0.00 0.25 0.50 0.75 1.00
Martensite ratio, n

Fig.5. Acoustic activity versus the martensite wodufraction for cooling and heating in
single crystalline NMnGa [8].
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Fig. 6. Amplitude (a) and energy (b) exponents Bfas the function of the external magnetic
field in single crystalline NMnGa [8].

There is one more interesting result obtained i [Bis related to the effect of the
constant external magnetic field. It was found thdioth the AE and ME data the asymmetry
observed at zero field disappeared with increasiagnetic field (Fig. 6) and this effect was
attributed to the decreased multiplicity of the taasite variants. Indeed this transition was
observed between 100 and 200 mT, which is in gapeéement with the switching field
(necessary to move the twin boundaries and staidntarearrangements) value obtained in
[23] for the same samples. Thus, below this magrfegid values thermally induced multi-
variant martensitic structure developed, whileighér field values a single variant structure
(preferred by the magnetic field) developed andnduthis latter process less elastic energy
accumulation is expected. This is in accordancé Wik disappearance of the asymmetry.
However, interestingly only the critical exponerits heating showed changes and the
exponents for cooling were unchanged (Fig. 6),caigh on the basis of the above arguments
rather the cooling exponents should change. Uralaistg of this behaviour needs more
detailed experiments providing more insight inte thcoustic energy emission during
micro/nano-structural changes of the developmegréssion of martensite variants during
heating and cooling. While the positive asymmedrghserved at zero field (the elastic energy
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relaxation by AE is more pronounced during the ttguaent of the multi-variant martensite
variant structure than during its regression),gbestion that why only the heating exponents
decreased with increasing magnetic field is sotl fally clear.

3.2. Results on NiFeGaCo single crystals

In [3] and [7] the effect of the presence of pdets of xphase in NiFeGaCo single has
been investigated on the mode of formation of thartemsite phase: while in the
homogeneous (free of precipitates) sample the foamation underwent by single interface
motion (see Fig. 8 in [7]), in samples with pre@pes many martensite needles were formed
and grown in two specific directions (see Fig. 43f). Similarly the shape and the area of
hysteresis curves, determined from DSC measuremantsalso different. These differences
were also accompanied with differences in the asgines: in homogeneous crystals
(Sample No.1, withoutsphase precipitates) positive, while in crystalthwlarge y~phase
precipitates (5-15um, Sample No.2) negative asymmetry was observedul®eon aged
crystals with bimodal structure (large and smatihase: particles 5-1pgm + 150-300 nm,
Sample No. 3) were between these cases: the eelatanges were practically zero. Table I
summarizes details of the micro-structure of thedhsamples, while the last four rows of
Table | show the characteristic asymmetry pararaefdl the results (except sample 1, where
a comparison of the AE results obtained on smoath surface roughened samples were
made: see the fifth and six rows in Table |) webeamed on surface roughened samples with
0.1 heating/cooling rates. The results nicely slibat the micro structure and the mode of
transformation (by single or multi interface mofidmve definite influence on the type of
asymmetry.

It can also be seen from Table | that on the sarhphéth smooth (polished) surface
the asymmetry is a bit less, than for the surfacginened one. It illustrates that interestingly
the introduction of more surface pinning/nucleatipoints, although the number events
increased by more than one order of magnitude, doesonsiderably change the type of the
asymmetry. This suggests that both types of AE cssur(usual frictional effects and
relaxations of the elastic energy) became more/@@nd thus the characteristic asymmetry
parameters remained almost unchanged.

Table Il Prehistory and structure of the invedegaNiFeGaCo samples [7].

Sample number  Preliminary heat Martensite Austenite crystal Size of they-
treatment crystal structure  structure [ 4] phase particles
1 not treated Ldtetragonal (or L2, -
14M monoclinic
+L1,)
2 1373 K, 25 min Ldtetragonal (or B2 5-15um
14M monoclinic
+L1,)
3 1373 K, 25 min, Ll,tetragonal (or L2, 5-15um +
then 823 K, 30 14M monoclinic 150-300 nm
min +L1,)
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Let us now consider the differences due to thegores of different precipitates. Fig. 7
illustrates that the splitting behaviour of the D8@ves as a function of heating rate is
characteristically different for samples 2 and 3hiM/ the microscopic images for these
samples showed rather similar development of msiteeneedles, the bimodal microstructure
in sample 3 results in much less split DSC peaddicating that the high number of nanosized
pinning points probably causes many smaller eleangnmps (not resolvable in our device
even at 0.1 K/min driving rate). This also shouleéam that the energy exponent and the
number of hits of the AE noise for heating shoutdhiigher for sample 3 than for sample 2,
due to the contribution of many jumps with smakegy (see also Table I).

Sample 2
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l 3

Sample 3 N
|
| Sample 2

] J\ Jm .

T T T T T T T T T T T T T
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Fig.7. DSC curves at different heating rates fa& samples 2 and 3 [3]: a) 3 K/min, b) 1
K/min and c) 0.3 K/min [7].

The negative asymmetry in the homogeneous samplgdsibe related to the single
interface mode of the transformation, which suggélsat during the motion of the single
interface only a very moderate accumulation ofédlastic energy, and thus its relaxation by
AE, happens since during the motion the transfdonatstrain can almost freely
accommodated by the formation of the surface steprapanied with the single interface.
Thus one would expect that the frictional term Wil more important, leading tclose to
unity. As it can be seen in Table | this is not tase £&6.4), which can be possible if the

relative changeof the very small elastic ener@y is high enough and larger for heating than
cooling (see also the Appendix).

The positive asymmetry observed for sample 2 cam laasimilar interpretation than
for the NpMnGa single crystal: the transformation mode isyv@milar (formation of many
martensite needles) and in both cases the acatiaty is larger for cooling as expected
(see the explanation for MiinGa too).

The zero asymmetry observed for sample 3 is aration that increasing the number
of nanosized pinning points causes many smallemaiary jumps of dissipation type,
leading to determining role of the second termh@&nominator and denominator of (6).

It has to be noted that similarly to the effectnafignetic field on the asymmetry in
NioMnGa single crystals, the full understanding of tbasons behind the appearance of three
different behaviour calls for further, more detdilavestigations.
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3.3. Other literature data

Table Ill summarizes the experimental data avalablthe literature. It can be seen
that indeed in anumber of investigations the asymmetry was obsearat only in AuCd
alloys the asymmetry was negative>l). It is clear that more extended and detailed
experimental data are desirable for arriving cosiolus on the details of possible mechanisms
behind. This is even so if consider the conclusiohghe very recent paper [17] on the
asymmetry in single crystalline CuzZnAl and FePd gl As it was already mentioned
above the acoustic activity was different for hegitand cooling and thé values shown in
Table 3 were calculated from the numbers of hivemgiin Table | of [17]. This value was 0.8
in FePd, and was practically independent of theitg/@ooling rates (obtained at 0.1 K/min
and 1K/min, respectively). On the other hand in QAlZthe value ofé was sensitive to the
threshold level:&1.7, 3.7 and 4.3 for 30, 38, 40 dB thresholds, respecti@lgble Il
contains the average of the values obtained anhd8!@ dB). Furthermore in both crystals the
energy and amplitude exponents were the same filingoand heating, contradicting to the
correlation between the asymmetry parameters pgestion Sec. 1.3 and observed in
experiments on NMMnGa and NiFeGaCo samples, as shown in Table llis ltworth
mentioning that one of the most important conclasioon the difference between the
behaviour of the CuzZnAl and FePd samples in [17$ Weat while FePd displayed critical
behaviour in both directions, deviation from thdéicality was detected during heating in
CuZnAl, although the authors could not discardgbssible artefact due to the overlapping of
small energy events.

Table 1ll: Data collection on the observed asymméir the cooling/ heating process during
martensitic transformations in different shape memalloys (other than NMnGa and
NiFeGaCo single crystals).

System Ve Va E  u ref
Cus7.6:Zn16.75Al 15 6: polycrystalline, AE +0.05 - - 0.27 4
Cus7.64ZN16.71Al 15 65 pOlycrystalline, calorimetry +0.05 - - 1 4
Clsg.ZNy3 Al 17,0 0 0 4 - 17
single crystal, AE
Cu-Al-Be, single crystal, Strain avalanches, medatally induced - +0.33 0.75 9

transformation (the A M transformation
corresponds to cooling)

Niss 33VIN23 16582 47 - - - <1 10
single crystal, ME

Fe-30%Pd single crystal, ME - - - >1 10
Fess Py ; single crystal, AE 0 0 0.8 - 17
Fess P k1 2 Single crystal, AE 0.0 0.0 - r1 11
Fess. Pk > polycrystal, AE +0.26 +0.38 - <1 11
Au-47.5%Cd, polycrystal, AE - - - 29 12
Au-47.5%Cd, single crystal, multiple interface, AE - - - 25 12
Au-47.5%Cd, single crystal, single interface, AE - - - £10 12
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4. Conclusions

First quantitative attempt is offered for the ipt@tation of the asymmetry of forward
and reverse martensitic transformations in shapmang alloys. It is based on energetic
considerations, described in Sec. 1, and statéghthaasymmetry is positives(, ), >0 and
1,&<1) if the relaxed fraction of the total elastic emerE; (which would be stored without
relaxation) during coolingE, is larger than the corresponding relaxed fractituming
heating,E;,. The same statement is valid for the total en@fghe acoustic emission peaks
(see eqgns. (5) and (9)).

Comparison with experimental data in single cryistal NipMnGa and NiFeGaCo
single crystals indicated that in most of the cgs@sept sample 3 for NiFeGaCo, where the
presence of high number of nanosized pinning paatsed many smaller elementary jumps
of dissipation type) the contribution of frictionahteractions of the moving interface
(nucleation, pinning-depinning events) can be n#gteand the differences in the relaxations
of the elastic energy during cooling and heatirayphe determining role.

The effect of surface roughening, although it iasexl the number of events by more
than one order of magnitude, does not consideididynge the type of the asymmetry.

In the majority of samples investigated till nowaple | and Ill), the asymmetry is
positive in accordance with the expectation thatrducooling the elastic energy relaxations
by AE are more considerable (due to the rearrangemaf the newly formed martensite
variants) than those during heating (when a motess stable martensite structure transforms
back).

The full understanding of the reasons behind thgne@c field dependence of
asymmetry in NIMnGa single crystals as well as the appearancéeoiegative (or zero)
asymmetry in NiFeGaCo single crystals with différemicrostructure calls for more detailed
investigations.
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Appendix
Cooling

In general the storage/release of the elastic gnéuging the forward and reverse
transformation itself is not an irreversible praeshereas the presence of local free energy
barriers (related to friction on local external el and to the relaxations of the elastic
energy) leads to irreversibility and intermittenyinedmics (e.g. noises) [20]. Let us consider
the heat measurable in a DSC run. According toM@)can write for the energy dissipated
cooling as

D=D+E =D+ AE, (A1)

(expressing that it contains two terms: the enealiggipated during the frictional motion of
the interface and the fraction of the total elasticergy, which is relaxed by AE).
Furthermore, since the elastic energy contributiiothe DSC (the elastic energy stored during
cooling) is given by

E=Ei—E=E(1-3) (A2)
eg. (2) has the form
Q= AUAE+D. = AU+ E;+ D (A3)

and 4U<0, E;, D>0). Eq. (A3) means that the heat measured by the DSi@gdaooling
looks similar as there would not be any relaxabbthe elastic energy during cooling (it
differs fromDy).

Heating
Now we should start from eqgn. (3) and we can write
En=-(1-B)(E-E)= -(1-B)(1-B)E, (Ad)

since now the, (<1) fraction of the stored elastic energy during oupl(E-E,), is relaxed
during heating in the form of AEE{<0). Furthermore

Dr= D + B(E-E). (AS)
Thus

Qn=-4U — (1- B)(E-E) + Ds+ G(E-E)=-4U - E(1-4)(1-24,) + D. (AB)

Furthermore

Qn-Qc=-24U -2k +E+2 Gy(E+-E/)= -24U -2E[1- 5.(1-4)-5/2] (A7)

and

QntQc= 2D+E+2 5\(E-E/)=2D+ +E4 B(1-26:.)+2 5] (A8)

18



Now, Q., Q. Enae as well asE.ae can be experimentally determined. In some cases,
AU=T,4S (T, and AS are the equilibrium transformation temperaturd #re entropy of
transformation) can also be obtained, but in themses the hysteresis loops should have
practically vertical branches [19, 24].

Thus in the analysis of experimental data relati@®), A6) as well as (5a) and (5b) in
the rewritten forms

Ecae= &Er + D = &LE + D (A9)
Enae= EL(1-Lo)Ec+ oD o, &, B, G<l (A10)
can be used.

Carrying out simultaneous experiments by DSC and thE following parameters can be
obtained: Q;, Qn, Ecae, Enag 4S, wheredSis the entropy of transformatioRurthermore in
special cases, as it was mentioned above, whehysteresis curves have vertical branches
[19,24,25] the equilibrium transformation temperatul, can also be estimated as
To=(Ms+A)/2 (Ms andA; are the martensite start and austenite finish éeatpres) and thus
AU=T A4S can also be obtained. But even in this case we faaweequations in which there
are six unknown parameteis; D, & &, 54, L

Table Al: Transformation temperatures, heats, @ as calculated from DSC data [3].
Typical error ofQ,, Q.and4U is aboutt 5-10 J/kg .

Sample Ms At To AS Qn Qc (Qh+Qc)/2 (Qh'Qc)/z AU
no. (K) (K) (K) | (3/kgK) | (I’kg)| (Ikg)| (I/kg) (J/kg) (J/kg)

1 280.5| 286.5| 283.5| -12.3 | 3524| -3436 44 3480 -3487

Thus a detailed comparison with the experimentt dannot be carried out, unless we can
find new relations or make further assumptions. TI&C results obtained in NiFeGaCo
single [3] crystalline samples are summarized ibl@aAl. Since the hysteresis at heating
rates 1 K/min in [3] had approximately vertical hches the estimation of the equilibrium
temperature was possible from thg IMst+A¢)/2, relation [19, 24] the value iU was also
estimated. Let us try to make estimation on et ratio. Using the results shown in Table
Al, from (A3) and (A6) we have:

E+D=51J/kg (A11)
as well as

-E(1-B)(1-263,)+D; =37J/kg. (A12)
The difference of them leads to

Ef{1+(1- £)(1-26)]= 14J/kg. (A13)
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Sincef., 4<1, this means that4J/kg>E>7J/kg. Let us takes; /10 J/kg.Then from (Al1l) we
haved=D/E/4. Now, assuming that the frictional term s not importanti.e. we assume
that the AE activity measured is dominantly duestess relaxation effects related to the
motion of surface steps and pinning effects ressulhuch lower acoustic activity (see also
Sec 2.2). Then (see also valuefaf the 6" row of Table )

&E[ G(1-5)+ DIE]! B+ DIE] UG1-5) f=6.4. (A14)
Now, dividing (A13) byE;/10 J/kg
0.4 =(1-5.)(1-24,). (A15)

From (A14) and (A15) we gg%.=0.04 and 3,=0.29, which - taking also into account that our
results can be considered as only an order of matgestimates - are reasonable values.
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Highlights:

* Asymmetry of martensitic transformationsis explained in shape memory alloys
» It reflectsthe different ways of relaxations of the stored elastic energy

» Empirical correlations between the asymmetry parameters are derived

* Magnetic emission in ferromagnetic materials shows similar behaviour



