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Acoustic emission, AE, during Liiders band type martensitic transformation and during thermal recovery in
CraoMnyoFe(Co34.4Nis ¢ (at%) high entropy shape memory single crystals are investigated. The stress induced
Liiders-band type martensitic transformation was induced by application of uniaxial tensile stress along the [144]
direction at room temperature. It is shown that the Liiders-type martensite nucleation and propagation is an
intermittent process and results in acoustic emission signals. There is large AE activity at the band localization
and it gradually decreases during its propagation, which is also a jerky process. The large acoustic activity at the
band localization is due to the presence of nucleation barrier of elastic origin, which is proportional to the
Liiders-peak area. Sub-cycles of the propagation stage showed AE activity in accordance with the Kaiser effect. It
is concluded, from the local equilibrium model of thermoelastic martensitic transformations, that the martensite
formed during stress loading is stabilized by a large dissipative energy. The cumulative elastic energy gradually
decreased during thermal recovery indicating that this process has also the intermittent character. Characteristic
exponents of the acoustic emission signals obtained during Liiders-type transformation and thermal recovery are
the same within the error bars and agree well with data obtained during stress or temperature induced
martensitic transformations in NisgFe;gGag;Cog shape memory single crystals.

1. Introduction Regarding the nucleation and propagation of the above Liiders-bands
(L-bands), there are observations (see e.g. [4,5,12]) that the band

There is well-known evidence that stress induced martensitic trans- initiation (with stress drop) occurs in burst manner and with orders of

formations in polycrystalline NiTi shape memory alloys can take place
under tension by localized phase transformation, i.e. the phase trans-
formations exhibit localization and propagation of deformation in
macroscopic shear bands (Liiders-like phase transformation) [1-5].
Similar behaviour has also been observed in other polycrystalline shape
memory alloys (Ti-25Nb [6], FeMnNiAl [7]) or in single crystalline
samples such as NiggFe;3Gaz;Coqo [8], NiFeGa [9], CuZnAl [10], or in
CrMnFeCoNi high-entropy shape memory alloy [11]. These observa-
tions, besides providing new evidence to the understanding of the above
Liiders-like phase transformation, are also important in achieving large
or even giant shape memory effect [11] and very small or nearly zero
hysteresis [8].
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magnitude higher local strain rate than the global strain rate. After its
formation the L-band propagates with the global strain rate [4,5] and
sometimes serrations on the stress-strain curve can also appear [1,5,8,
12]. These facts suggest that the nucleation and propagation are not a
smooth process but can have a jerky character and acoustic emission
(AE) measurements, being fingerprints of local sudden strain changes
[13], can provide important contribution to the understanding of the
microscopic mechanisms. As it is emphasized in very recent models of
Liiders-type martensitic transformations [4,5] they clearly represent a
different microscopic mechanism than the dislocation related Liiders--
deformations. Nevertheless, based on the similarity of the loading
stress-strain curves (mechanical instability, stress-drop at the
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localization of the band followed by a stress plateau, zero or negative
effective modulus in the plateau region [5,14]) in some phenomeno-
logical simulations such similarities can be used to describe the
macroscopic features (see e.g. [14]). It is worth adding that as compared
to numerous papers devoted to investigation of AE during classical
L-band propagation by dislocation assisted plastic deformation [15-23],
there is a lack of similar, detailed investigations on AE during Liiders--
like phase transformations (see [24] and [25] as exceptions in poly-
crystalline NiTi). Regarding high entropy shape memory alloys, while
there is a paper on AE investigation of the details of the plastic defor-
mation mechanism of Fe4oMn4oCo1¢Crig(at%) [26], there are no pub-
lications on AE investigations of martensitic transformation in general
and thus on AE investigations of Liiders-band type martensitic trans-
formation. These alloys have unique properties [26-29], including high
strength, high temperature superelasticity and martensitic trans-
formation temperatures as well as excellent thermal cycling stability. In
[28] the design of the CrpoMnygFey0Co49.4Niy for shape memory appli-
cations was implemented and on the basis of this it was shown in [11]
that these single crystals along a special orientation can indeed show
giant shape memory effect.

In this article we provide results on acoustic emission measurements
during Liiders-band like superelastic transformation under tensile stress
in Cr20_57 Mnlg_gl F619_75 C034_31 Ni5_56 (at%) hlgh entropy (HEA) shape
memory single crystals. It was shown, for the first time, in [11] that in
these single crystals a tensile stress induced FCC—HCP martensitic
transformation along [144] direction took place with giant shape mem-
ory effect 15.7 + 0.2 % (which is 90 % of the attainable maximum
value) at M,= 195 K. After the transformation to martensite by
Liiders-band nucleation and propagation, the sample remained in
martensitic state after removing the stress and a burst-like recovery to
the austenitic state was observed upon heating at about 400 K. It was
also noted in [11] that the Liiders band deformation was completely
reversible upon heating. The above behaviour offers investigation of
both the Liiders-like transformation and burst-like thermal recovery by
AE measurements, implemented in this work for the first time.

2. Experimental

Single crystals Cryg57Mnjgg1Fe1975C034.31Nis 56 (at%) HEAs were
grown by the Bridgman method at a rate of 0.8 mm/min in alumina
(Aly03) crucibles and helium atmosphere at Tomsk University, Russia.
The melting temperature is about 1820 K. We used two samples each
having a dog-bone shaped, oriented along the [144] tensile direction
and with the {110} surface plane. The as-grown sample was cut into two
pieces using electrical discharge machining (wire-erosion). Sample A
has a gauge length of 10 mm and a cross section of 2.5 x 0.4 mm?, while
sample B has a gauge length of 10 mm and a cross section of
2.5 x 0.3 mm?% Homogenization of the samples was carried out at
1473 K for 48 hours under Helium atmosphere, followed by water
quenching. Since in our measurements we used the same samples as
investigated in [11], where the microstructural characterization of them
was also made, we concentrate here on the AE investigation of
Liiders-band type martensitic transformation and on the reverse trans-
formation during thermal recovery.

Tensile measurements were carried out using Instron tensile machine
(No. 4465) at strain rate 7 x 10~ * s~! at room temperature. During the
tensile experiments simultaneous acoustic emission (AE) measurements
were carried out. For AE measurements, two piezoelectric sensors
MICRO-100S and MICRO (Physical Acoustic Corporation, Princeton
junction, NJ, USA) were used. The two sensors (microphones) had fre-
quency response between 30 KHz and 1 MHz, and the response is nearly
flat in the range of 0.2 MHz to 1 MHz (at about ~ 75 dB in average) with
maximum =+ 10 dB deviation (1 V reference value). For the data acqui-
sition, Sensophone Acoustic Emission Diagnostic (AED404) device
(Geréb és Tarsa Kft, Hungary) was used. The data acquisition was
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performed by collecting of “hit mode” signals, where an analogue to
digital converter was used with sampling rate 16 MHz and band-pass in
the range of 30 KHz to 1 MHz. The collection of signals was made above
a fixed threshold level: 36 dB. A 30 dB preamplifier, and a main loga-
rithmic gain amplifier with 90 dB dynamic range were used.

The acoustic avalanches parameters (amplitude A, area S, and energy
E) were calculated from the detected voltage U(t) (temporal avalanche

shape), where A is the maximum value of the voltage, S = fg) [U)|dt ,

andE =} fé) U%(t)dt (R is an arbitrarily chosen resistance (R = 1MQ))
and D is the duration time of the avalanche.

Sample A was loaded by tensile stress along the [144] direction at
room temperature up to 9 % strain. At about 120 MPa, a Liiders-band
has been nucleated and propagated leading to a mixture of martensite
and remaining austenite state (see Fig. 3b in [11]: the full trans-
formation to martensite happens at about 14 % strain). Then, the re-
covery to the austenite phase was initiated by heating the sample.
During the stress induced martensitic transformation and during the
reverse thermal recovery we simultaneously measured the acoustic
emission.

Several experimental cycles (typically 6, 4, and 2 cycles) up to 8 %
strain were made on Sample B. Before making any new cycle, we heated
the sample in argon environment for 15 min at 593 K, as it was rec-
ommended in [11]. For each cycle, we measured the acoustic emission
simultaneously. This, after the removal of the load, was followed by
heating for thermal recovery (again with simultaneous measurement of
the acoustic emission) in the temperature range between 303 K and
473 K with 10 K/min heating rate). For some cycles, in order to monitor
the reverse transformation back to austenite, we measured the change in
the sample length.

Another set of loading measurements, without thermal recovery, was
carried out simultaneously with acoustic emission measurements by
splitting the main stress-strain loop (up to 4 %) into sub-loops per-
forming a series of 23 cycles of loading and unloading on the sample
between about 0 and 120 MPa.

The jerky character of martensitic transformation leads to self-
similar AE noises and the probability distribution density functions of
AE signal parameters, x, follow a truncated power law [30-33]:

P(x)o:x"‘exp(—%), @

c

where y is the characteristic exponent and x, is the cutoff value. Here x
can denote the amplitude, A, area, S, or energy, E, or duration, D, of AE
avalanches. Furthermore, well-known power law relations exist be-
tween the measured avalanche parameters. For instance, the mean field
theory, MFT, [32-37] predicts that S ~ D" with y = 2 and SxA? as well
as ExA®. Thus, the probability density functions, PDF, will be calculated
using 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. The PDFs will be fitted using a two parametrical
nonlinear fitting by the Levenberg-Marquardt least squares method.

3. Results
3.1. Acoustic emission during Liiders-band nucleation and propagation

Fig. 1 shows the stress-strain curve (black) as well as the simulta-
neously measured amplitudes of AE signals (red) (a), together with the
cumulative number of AE energy (E. = ) ;E;) (green curve) as well as
the AE activity (blue) (b), during deformation of samples up to 9 % with
7 x 10~* 57! strain rate. It can be seen that there is a peak in the AE
activity at the nucleation of the Liiders-band (at the maximum of the
stress-strain curve) which is followed by a gradual decrease during the
propagation of the band (Fig. 1b). The propagation stage contains still
(decreasing number) discrete AE signals, most of which correlates well
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Fig. 1. Stress-strain curve (black) as well as the simultaneously measured amplitudes of AE signals (red) (a), together with the cumulative number of AE energy (E. =
> iEp) (green curve) as well as the AE activity (b) (blue), during deformation of samples up to 9% with 7 x 10~* s~ ! strain rate.

with local stress drops. Indeed, as it can be seen in Fig. 2, almost all large
stress drops correlate well with AE signals.

3.2. Acoustic emission results during thermal recovery

Fig. 3 shows the macroscopic length change of the sample, the AE
activity and the cumulative acoustic energy during thermal recovery
(after transformation up to 8 % strain). The martensite to austenite
transformation takes place in a 70 K wide temperature interval, within
which there is a well measurable AE activity. The cumulative AE energy
gradually (in a stepwise manner) increases and the maximum of the
activity and the largest vertical jump in E. appear at around the inflexion
point of the length change curve.

3.3. Characteristic AE exponents for Liiders-type transformation

As an illustration, Figs. 4 and 5 show the energy and area distribu-
tions of AE avalanches measured during stress induced Liiders-type
martensitic transformation (sample A). It can be seen that straight lines
can be fitted very well over about three-six orders of magnitude to the
PDF functions. The maximum likelihood fit is a recommended method to
check the reliability of exponents calculated from the log P versus log E
plots [38]. We obtained that in all cases the exponents determined by the
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Fig. 2. Enlarged part of the propagation stage between 2.5 % and 4.3 % strain
(see also Fig. 1a).
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Fig. 3. Macroscopic length change of the sample (red and blue dots for heating
and cooling, respectively), the AE activity (black lines) and the cumulative
acoustic energy (green curve) during thermal recovery (after the deformation
cycle up to 8 % strain).

two methods were the same, within the error bars given in Table 1 (see
also Figs. 4a and 4b). Table 1 shows the calculated exponents for energy,
amplitude, and area.

Figs. 6 and 7 show the power relations between the area, S, and
amplitude, A, as well as energy, E, and amplitude, A, respectively. In
Figs. 6a and 7a all the measured points are shown, while in Figs. 6b and
7b show the data after logarithmic boxing: the points represent the
values averaged within a certain logarithmic box. The latter plotting is
used in order to get a more realistic estimate for the characteristic ex-
ponents. In Table 1 the values of ¢ are given: ¢ is the parameter present
in the characteristic exponents; SxA?~ as well as ExA%~* and char-
acterizes the deviation from the values predicted by the mean field
theory: large ¢ values (close to unity) mean “enigma of acoustic emis-
sion” [37,39] (see also the discussion).

3.4. Characteristic AE exponents for thermal recovery

Figs. 8 and 9, show, as an illustration, the energy and area distri-
butions of AE avalanches measured during thermal recovery after stress
induced transformation up to 8 % strain. The number of AE events
detected during one cycle were relatively small and in order to increase
the statistics we averaged the data points for 4 repeated heating cycles. It
can be seen that the straight lines can be well fitted over about three
orders of magnitude. The maximum likelihood fits provided the same
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the exponent of the fitted stright line and the value of the provided ML fit agrees with each other within an error bar + 0.1 (see also Table 1).
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Table 1

Characteristic exponents for Liiders-type martensitic transformation.
PE)~E* & PA~A" a POS)~S? 6§ E~A? ¢ S~A*
1.840.1 2.74+0.2 2.2 40.1 0.6+0.2 0.4+0.2

exponents within the error bars given in Table 2.

Figs. 10 and 11 show the power relations between the area, S, and
amplitude, A, as well as energy, E, and amplitude, A, respectively for
thermal recovery. Similarly as above in Figs. 6 and 7 all the measured
points are shown in Figs. 10a and 11a, while Figs. 10b and 11b shows the
data after logarithmic boxing. Table 2 shows the calculated exponents
for energy, amplitude and area and the exponents ¢ for thermal
recovery.

4. Discussion
4.1. Liiders-type martensitic transformation

Figs. 1 and 2 nicely illustrate that the Liiders-type martensite
nucleation and propagation is an intermittent process and results in
acoustic emission signals. The large AE activity at the band localization
and a gradual decrease of it during the propagation is in agreement with
other observations on AE during plastic deformation [21,40]. It was

concluded in [40] that there is a peak in the AE activity just at the
nucleation of Liiders band, which is followed by a continuous decrease.
The gradually decreasing slope of the cumulative energy in Fig. 1 is also
a manifestation of the above trend. In addition to this, our Figs. 1 and 2
also illustrate that the propagation of the band is also a jerky process
consisting of local stress drops, most of which is accompanied with AE
(Fig. 2). In order to have a deeper insight into the details of the band
propagation, Fig. 12 shows the results of AE measurements made
simultaneously with successive local cycles of the stress-strain curve,
splitting it into sub-loops performing 23 local cycles of the main loop
(measured up to 4 %): the numbers denote the successive sub-loops. It
can be seen that a) there is no AE activity during the first three
sub-cycles (which were in the elastic regime) and b) in general in
sub-cycles with lower top stress than the previous top value, there is
practically no AE activity. The latter fact is the well-known Kaiser effect
[41]: absence of AE signals until the stress reached the former highest
level [41].

For the interpretation of the observed stress-strain curve and the
features of thermal recovery it is useful to carry out thermodynamic
analysis as proposed in [42]. We will use here the local equilibrium
model [43], which is based on the condition that the derivative of the
change of the Gibbs free energy by the transformed martensite volume
fraction, &, should be zero. Thus, the lower branch (transformation from
austenite, A, to martensite, M, indicated by the | upper index) of the T(&)
or ¢(¢) hysteresis loop (T and ¢ have their usual meaning) is obtained
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Table 2
Characteristic exponents for thermal recovery.
PE)~E* ¢ PA~A" a PO ~S? 6§ E~A*" ¢ S~A*" ¢
1.8+0.1 2.740.2 2.1 4£0.1 0.6+£0.2 0.4+0.2
from this condition, for zero hydrostatic pressure [43], as:
0AG 0(AG! + D' + E*
ag(é):‘): (a6, = ) _agrdie)+ee) @

where Here, Ag! is the difference of the chemical free energies of the
pure M and A phases [1]

_ 0AG! 9[EGy + (1 —8)Ga — G4
Agi - 0¢ - o

=uy —Up — T(Sy —$4) — 6Ve" = Au* — TAs' — oVe™ 3)

= Gy — Gy

V as well as €™  are the molar volume and the transformation
strain, respectively. Furthermore, both Au' and As' are negative and
d'(¢) =22 aswellase! (§) =%
energies of the M—A transformation (D' and E'), respectively
(D' 2 D'>0 and —E' =~ E' >0 for thermoelastic transformations
[43]). Since the nucleation energy has the same sign as D in both

, with the dissipative and elastic
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10" 4

10° 5

E((uV)*Q 'us)

107" 4

1072 T T
102 10°
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v

directions, and thus it is not easily distinguishable from it, we can
consider that the nucleation energy is included in D [43]. Similar
equations can be written for the upper branch of the hysteresis loop with
upper index 1. From Egs. (2) and (3) one get that the inverses of the
lower and upper branches of the thermal hysteresis loops have the from

T| T]

T'(&) = To(o) +%ﬁf@7 )
T T

1) =T(0)+ O ©)

where T, is the equilibrium transformation temperature (T,(c) = ﬁ—ls‘f +

Vel = T,(0) + 24 and Au' =—Au! > 0as well as As! = — Ast = —
As > 0. The d and e terms depend only on ¢ at fixed values of , at which
typically the thermal hysteresis loops are measured. Furthermore, it can

also be assumed that the dissipative energy is proportional to &, i.e.
d™(€) = const., and is the same in both directions i.e. d" (£ = 0) = d.' =
d'" = d™M(E = 1) and d* = d¥, as well as that E' has a quadratic
dependence on & (due to overlap of the elastic fields of the nuclei of the
second phase) [43]. Thus

e =e'+(ef' —eh)e, 6)

102 12)3
A (1Y)

Fig. 10. LogE versus logA: a) all data points, (b) after logarithmic boxing for thermal recovery. The slope in b) is 2.4.
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and
en(e) = el — (&' —l)E. @
Note
1 T LTl
E" :/ el (£)dE = %
0
and
1 T T
W:/J%m:igi‘ ®
0

Similarly, from (2) and (3) expressions for the branches of the ¢(¢)

hysteresis loops, measured at fixed temperature during stress induced
transformations, can be obtained [39] as

0'(2) = oy(1) + S L) ©
O'T(é) — O'[,(T) _;'_M. (10)

Vet

Here ¢™ = —¢™ and for tensile stress induced A—M transformation
(6 > 0) during loading €™ > 0 and during unloading —&™" < 0 as well
as 6,(T) = 0,(0) — T‘%;. Note the values of the d and e terms obviously
can be different in experiments taken at fixed stress or temperature,
respectively: this is expressed by the use of T and o upper indexes.



A.A. Asmaa et al.

Expressions giving the start and finish temperatures (M;, My, A; and Ay)
or stresses (G, Ouy, Oas, 0ar) Of a given branch of the hysteresis loops can
be simply obtained from (4) and (5) as well as from (9) and (10) by
taking the d and e terms at é{= 0 and é= 1, respectively [43].

Before the application of this model for the L-band formation/
propagation and thermal recovery, let us summarize the thermodynamic
parameters estimated from the start and finish temperatures of the
“normal” thermal hysteresis loop, as well as from the Clausius-

As __ 0.6MPa
- K

Clapeyron relation i.e. from the % =— slope from data

published in [11]. Using that the molar volume of our alloy is 7 x 10~°

m®/mol, —As = (0'6””) x0.157 =94k — 0.66 I (for £” 15.7 % was

m3K m3K
also taken form [11]). From the Table 2 of [11], we can write W' =
W' = 25K as well as AT = 165K, i.e. using (4) we get from W'

= M; —My = e{i:;? = % as well as from AT = <% - @)
=2 [D™ +D™ +E™ +E™] that
e] —el =25%0.66J =16.5 J/mol (11)
as well as
J
Dy =2D" = AT(— As) = 109 —, (12)
mol

respectively, where Dr is the dissipative energy of the whole thermal
loop. In (12) it was also used that for thermoelastic transformations
ET" + E™ = 0 and D™ + D™ = 2D” = 2d"* = 2d’. Although in Table 2
of [11] W' = 40K as well as W' = 10K is given, in order to remain
within the thermoelastic approximation (in which W' = W') their
arithmetic mean was taken. Thus, the error bar for 25 K is large (about
100 %): this choice is also supported by data given for alloy Ni3 in [11]
where W' = W' indeed fulfilled. Taking into account that DT = d¥ = d",
from the value shown in (12), we get that dZ =55 ﬁ The large value of
the dissipative energy indicates that in this alloy the motion of the A/M
interface(s) is relatively difficult (due to interactions with dislocations
and stacking faults: see also Fig. 5 of [11]).

Regarding the present experiments, let us consider first the stress-
induced transformation by L-band formation. According to the Liu’s
concept [4,5], it is worth to make a distinction between the localization
and propagation stage. In the nucleation stage we observed a maximum
on the AE activity at around the small stress peak of the L-band for-
mation. Let us assume, that in the nucleation of the L-band the elastic
energy, related to the stress peak at the nucleation stage, dominates (and
the energy for the creation of the austenite/martensite interface is less
important). Then, according to [4,5] this nucleation energy should be
the integral of the stress versus strain function from the beginning until
the end of the band formation (see Fig. 4b in [5]) i.e. it is measured by
the area below the stress peak. This can be approximated by the area of a
triangle of o, height and &1,,q wide (op and éj¢,q are the maximum and
width of the Liiders band peak after nucleation, but before its propa-
gation). This gives (see also Fig. 1b)

1 1 M.
Dy = =0p€rend = —6p  0.020 = 60(MPa)  0.020 = 1.2—5 —o L
m mol

2 2
13)

This result also shows that Dy is smaller than Dy by about an order of
magnitude, and has similar value as the slope of the first derivative of
the elastic energy for thermally induced transformation.

Regarding the dissipative energy, D, in the band propagation stage
we can again use that D° = d;¢ and D”' =D°' =D’ i.e. % =dj =df =
const. Furthermore, we can approximately write, using (4), for the
almost horizontal stress strain curve (where now oy is taken at &,y =

lLLe—"d = i, from where the pure propagation started: we use notations of

0

[4,5]: L, is the gauge length) that
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eflyl —est

Omf — Oms = Ve =~ Q. (14)
(In fact oy —ous is about 2 MPa in our Fig. 1, i.e. it is not exactly

zero, but corresponds to €' —e?* =  2J/mol, which can be neglected.)

This is also in accordance with the model of [4,5], since in this stage

omf —oms = 0. Similarly 64, = 04 is also expected. Note, that we can not

get quantitative conclusion for the value of eJ' ( = %at@“ & ) from the
=SLend

loading o-¢ branch alone. But, from Fig. 4b of [3] on the £(¢) dependence
of o, which can be considered as good model example for the é-depen-
dence of the elastic energy during nucleation of L-band, we get a qual-
itative conclusion that it is negative and should be small. Since the
elastic energy, inthe 0 < & < &, = ““ interval, is proportional to 3 62
(E is the elastic modulus), and ¢ is a fast decaying function of “¢ in

P

Fig. 4b of [3], its derivative by & should be also very small negative value
at about 1g = 1.2 %, (i.e. at &,y = 22 = 0.076).

Furthermore, since the transformed martensite (left behind the
propagating L-band boundary) is stable (the sample remains in
martensitic state after switching down the stress to zero at different
stages), we can conclude that the ¢ = 0 stress is not enough for the
backward transformation, even in the present of a small produced
martensite volume fraction. This means, using (9), that

ot 1
d;' +¢f

0as(8) = 0o(T) + Vert

<0. (15)

Note that according to the above conclusions and to the usual ap-
proximations for thermoelastic transformations (¢! = €' = e7 = —
es! = —e{") o is independent of & (and thus of the remaining martensite
volume fraction, &) if one stops the load at a certain deformation, &,:
& x4 g = — " = ¢7), even in the whole 0 < & < 1 interval, since
no need for nucleation in the backward process (the existing L-band
propagates back). Furthermore, since

d +e

ous = 0o(T) + "Vef, e (16)
d —e

Oas = go(T) - ovgtr o’ (17)

the width of the extended (whole) hysteresis loop is A = oy —0as =
2d;
Verr
pative energy: it has large enough positive value for this. We can give a

rough numerical estimate for Ac = oy — 045, i.€. for o645, from the

dissipative energy of the closed hysteresis loop, D,/V =~ 2d)/V =

Ace™, assuming that the dissipation during normal thermally induced

transformation is similar to the one during the L-band propagation, as
109 J J

with 645 < 0. Thus, the formed martensite is stabilized by the dissi-

OMs — OAs

This is expected to be larger than oy 22120 MPa, if 645 < 0, which
can fulfil if we assume that the dissipative energy for the stress-strain
loop is larger by about 20 % than the one corresponding to the ther-
mal loop.

4.2. Thermal recovery

As it was already described in Section 3.2, the thermally induced
martensite to austenite transformation took place in about a 70 K wide
temperature interval (Fig. 3). Although it was mentioned in [11] that it
is a burst like (explosive) transformation, the large finite width (A — Aj,
the difference of the austenite finish and start temperature), is in odds
with other burst like transitions, which typically take place within a few
K wide temperature window [44]. In addition, the width of this window
is a measure of the slope of the first derivative of the elastic energy, E,
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stored in the martensite structure [43] (using (5) Ay — A, = — %,
where e; — e, = — (e} — el) > 0). Thus, its small value means that
there is no gradual relaxation of the stored elastic energy during heating.
In the opposite case, which is observed here, some relaxation of elastic
energy takes place. The gradual (stepwise) increase of the cumulative AE
energy thus indicates the jerky relaxation of the above elastic energy.
The finite width of the thermal recovery means that — (e]' —ej') > 0, 1.
e. there is some elastic energy relaxation during thermal recovery and
the elastic energy has a quadratic £-dependence. The origin of this elastic
energy is an interesting question. One of the possible explanation can be
that, after removing the stress at the end of stress induced process, some
elastic energy can be stored (if after the release of the constrain of the
machine heads the elastic strain of the sample is not zero) and heating
the free sample this can be relaxed. Another effect can be related to the
observation of the presence of the irreversible strain: it increased with
increasing transformed martensite volume fraction and it was about 3 %
after straining the sample up to about 15 % (Fig. 3bin [11]).

One interesting feature of the width of this thermal recovery should
also be noted. It can be seen in Fig. 3b of [11] that the width of the
transition gradually decreases with increasing maximum strain and it
can be indeed in the order of magnitude of about 10 K (which is already
close to typical values for burst like transitions) after the full stress
induced transformation. In order to get an explanation for this we can
again use the local equilibrium model. For the thermal recovery, after
(partial) stress induced martensite formation, we can assume that during
the backward propagation of the L-band the dissipative term is the same
(the same frictional mechanism) in the whole 0 < ¢ < 1 interval (there is
no nucleation stage here) as its value for the stress induced process. On
the other hand, the elastic term can be different and thus we can write

A, =T, + d‘f_;Ailﬁ (18)

and

Ap=T,+ dz%;?. a9
For the width of transformation we get

Ar—A,= — %‘ (20)

For the expression of the dependence of the width on the remaining
martensite volume fraction after straining the sample up to about a
given ¢, value, &, = &, we can write,

A AT A X AR )
—As —As
—(e' —eh(1-¢&)

T va— @n

A =A%)

which shows, that the width decreases with increasing remained
martensite volume fraction ( — (eITT —eOTT) >0) and the width ap-
proaches to zero for the pure martensite to austenite transition (burst-
like transition), when &, = 1.

Similarly, as above the expression for the &-dependence of the peak

temperature one gets

o ATAE) o 4 el E(a — )
Pp— o  — 1o I
2 —As —2As
oy dy L (e el -&) _ I :0)7‘:,(& —e)
" _As  —As —2As pier —2As

(22)

which predicts that the peak temperature is expected to increase with
the remained martensite volume fraction. Although data shown in Fig. 3
of [11] seem to confirm the above conclusions on the width and the peak
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position, due to the experimental scatter and due to the effect of the
residual strain after recovery, further carefully designed and imple-
mented experiments are desirable to get a quantitative agreement.

4.3. Characteristic exponents

It can be seen from Table 1 and Table 2 that the characteristic ex-
ponents for the Liiders band nucleation and propagation as well as for
thermal recovery are the same within the errors bars, thus on the basis of
these we can conclude that the AE source mechanisms are the same. This
is also supported by the fact that the duration times of the avalanches
emitted during stress induced transformation as well as thermal recov-
ery cover practically the same time interval for both cases, since for
different mechanisms the duration times of the signals can differ
significantly [26].

The values of the exponents can be compared with values obtained
from AE investigation of stress induced martensitic transformations and
during (burst like) thermal recover in NisgFe;3Gaz;Cog shape memory
single crystals [44] wherea =29+ 0.3ande =1.8 £ 0.1 aswellasa =
3.0+ 0.3 and € = 1.8 + 0.1 were obtained, respectively. It can be seen
that these agree well with data given in Tables 1 and 2.

5. Conclusions

It is shown that the Liiders-type martensite nucleation and propa-
gation are intermittent processes and result in acoustic emission signals.
There is large AE activity at the band localization and it gradually de-
creases during the propagation. The large acoustic activity at the band
localization is due to the presence of nucleation barrier of elastic origin
proportional to the Liiders-peak area. The propagation of the band is
jerky and results in local stress drops, accompanied with emission of AE
signals. Sub-cycles of the propagation stage showed AE activity in
accordance with the Kaiser effect. The martensite formed during stress
loading is stabilized by the large dissipative energy. The gradual step-
wise increase of the cumulative AE energy indicates jerky relaxation of
elastic energy during thermal recovery. The characteristic exponents of
the AE signals obtained during Liiders-type transformation and thermal
recovery are the same within the error bars and agree well with data
obtained during stress or temperature induced processes in NisgFe;g.
Gay;Cog shape memory single crystals.
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