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Introduction

Shape Memory Alloys, SMAs, form a class of smart materials that can
remember their original shape after deforming under an external stimulus, like
stress, thermal, magnetic or electric (o, T, B, E) fields. They have fascinating
properties including super-elasticity, super-plasticity, rubber-like behavior,
elasto-caloric and magneto-caloric effects. These properties have made them
important in many technical applications including medical implants, sensors,
robotic muscles, electric and thermal actuators. The physical origin of these
behaviors arises from the high crystallographic reversibility between the high
symmetry austenite phase, A, and the low symmetry martensite phase, M
(observed during martensitic transformation (MT)), or due to the
rearrangement of martensite variants like twining & detwinning.

The structural changes (SCs) in SMAs have jerky character/behavior in
which different processes can be involved. These include nucleation, motion
of A/M interfaces and/or twin boundaries. These intermittent processes, under
slowly changing external driving field, the SCs have stop-and-go activity, and
are usually coupled with emission of different avalanches of noise signals
(Figure 1). The emitted noise can be acoustic, thermal or magnetic, in case of
ferromagnetic SMA.

Voltage W(t)

J"M

Time t
Figure 1 Schematic picture of an avalanche in arbitrary units. Voltage pulse during
a single large avalanche (arbitrary units). Notice how the avalanche almost stops
several times: if the forcing were slightly smaller, this large avalanche would have
broken up into two or three smaller ones. The fact that the forcing is just large enough
to keep the avalanche growing is the cause of the self-similarity: on average a partial
avalanche of size S will trigger one other of size S [1].



An avalanche can be characterized by its amplitude, A4, duration, D, size,
S = fOD V(t)dt, and energy, E « fOD V(t)%(t)dt. Statistically, as it follows
from their driven criticality character, each of these parameters follows a
damping power law distribution with universal exponents, forming the so-
called universality classes [1]. However, these exponents have been proven to
be quite robust (i.e. not sensitive enough to the mechanisms) [2]. Recently
investigation of different correlation between the AE parameters and the
universality of the average temporal shape of avalanches attracted increasing
interests [1, 3-4].

The universality is in fact a fingerprint of the similar behaviour of the
noises: the temporal shape of a set of such signals looks similar at different
time scales over many magnitudes and the averaged shape is the same for a
given mechanism (for a given similarity class). Thus, temporal average
avalanche shapes (both at fixed duration and area) were studied theoretically
and it was proposed that they can be scaled together using two scaling
parameters from the above four characteristic quantities [3-4].

At the same time it was also shown that in mean field approximation,
MEFT, there should exists power relations between 4, D, E and S (for example
E o A3, or S « A?), thus only one scaling parameter would be enough to get
scaled temporal shapes [1,3-4]. However, both experiments and theories
beyond the MFT suggested that a two —parametrical description should be
better. Even, it turned out that there exists an “enigma” [3] for acoustic
emission results, since the scaling relations between E and A as well as
between S and 4, rather fulfilled with exponents close to 2 and 1, respectively,
instead of 3 and 2. Thus in my theses, during the analysis of experimental data,
the above open questions are addressed too.

For my experimental studies NisFe1sGa27Cos single crystals were
selected as a new type of promising ferro-magnetic and high temperature
SMA . These, as compared to the well-studied Ni2MnGa alloy, are less brittle
and by changing the Co content the mechanical and magnetic properties can
be finely tuned [5]. These crystals show also a very interesting property: burst
like thermal recovery of the shape. While typical MTs take place in about 10-
50K wide interval in a DSC curve (taken at the typical 10K/min rate), i.e. the
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Figure 2 Stress -strain curves at fixed temperature schematically: a) shows a normal
super-elastic regime. b) illustrates the anomalous behavior. ¢) shows the anomalous
behavior with a residual strain after which a burst strain recovery can be observed
upon heating [7].

duration of the transition is in the order of minutes [ 6 ], the burst-like recovery
from M — A happens about 2-4 orders of magnitude faster with an audible
click. One of the pre-requisites to obtain such burst-like transition is that
during uniaxial stress induced 4—»M transformation one should have an
anomalous loading stress-strain curve, (o — €) curve [7].

As it is illustrated in Figure 2 in the normal case (Figure 2a) the stress
induced martensite formation takes place along the smooth o versus &£ curve
with positive slope (normal superelastic behavior if one also considers the
reverse process too). Figure 2b and 2c illustrates the so-called anomalous
behaviour: along a certain crystallographic orientation in both cases, the
average slope upon loading is negative with local stress-drops on it.
Depending on the temperature of the stress induced 4 —M transformation the
reverse process, has a jumping character (Figure 2b), or it can happen that
below a certain temperature the sample remains in (stabilized) martensitic
state after the removal of the stress (Figure 2c). From the latter state, the
backward transformation takes place only if one heats up the sample to a
temperature higher typically by 30-60 degree than the temperature of the
normal thermally induced transformation temperature and with a very narrow
temperature interval (burst-like recovery).

Since the understanding of this latter behavior and the explanation of
the existence of the stress drops/jumps on the o versus & curve were in
infancy, I investigated experimentally the details of the above behavior and



the existence of the stress drops by acoustic emission measurements
simultaneously with the traditional DSC and stress-strain measurements.
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1. Structural changes in shape memory alloys

In this chapter I will present the most important definitions, phenomena
and equations proposed in the literature and used in my doctoral research. I
will provide these for shape memory alloys (SMA), thermal and stress induced
martensitic transformations (MT), acoustic emission (AE) investigations
during MT, as well as for self-similar properties of crackling noises.

1.1. Shape memory alloys (SMAs)

As we have seen in the introduction, shape memory alloys are a category
of smart active materials that can remember their original shape after
deforming under an external stimulus, like stress, thermal, magnetic and
electric fields. They are multi-functional materials, which are used in variety
of medical and engineering applications including medical implants, sensor,
robots, electric and thermal actuators [8-12].

The physical origin of the shape memory behavior in metals is the
transformation of the material between two stable crystal structures in a
diffusionless manner. This is called martensitic transformation and will be
described in detail in the next section.

1.2. Martensitic transformation (MT)

MT takes place by short range, diffusionless, movement of atoms: they
move typically less than the inter-atomic distance in the lattice. The process
mainly involves two solid phases: traditionally called as austenite, A, as well
as martensite, M, phases. The A-phase is a high temperature phase, most
frequently, with a cubic structure and can be called as the parent phase. The
second phase is the M phase. It is a low temperature phase, with a lower
symmetry structure that can be: tetragonal, orthorhombic or monoclinic [12].
The material transforms from A to M on cooling and backwards on heating.
An intermittent phase is also possible in some alloys like the R-phase in Cu-
based SMAs [13].

During cooling, the MT occurs by formation of differently oriented
martensite nuclei (needles) or variants, according to the allowed co-existence
of the A and M phases by symmetry relations. These form under the elastic

11



Figure 1.1 Microscopic image of differently oriented needles in NisoFe;s Gaz;Cos
single crystal.

constrain of the austenite: they are arranged to try to keep the original
volume/shape of the embedding A-crystal [12].

Figure 1.1, shows a microscopic picture for different martensite variants. If
the volume change can be neglected (which is often the case in shape memory
alloys) this leads to a shear-like first order phase transformation: the lattice
invariant shear can be formed by slips or twinning within the martensite
variants. In SMAs the twinning is more favorable (Figure 1.2). If this
transformation takes place by cooling, then, due to the formation of differently
oriented martensite nuclei, the formed martensite can even contain differently
oriented needles, which can be twinned or detwinned: the result is the so called
thermally induced martensite, represented in Figure 1.1. Detwinning usually
can occur only if the above shape constrain can be resolved (e.g. at an edge of
the sample) and the pure shear can be realized: i.e. the twining is a
consequence of the shape accommodation in order to decrease the elastic
energy, Figure 1.2.

In addition, applying a uniaxial stress on the thermally induced M, it
can transform into a stress induced single variant state (which, depending on
the stress level can be twinned or detwinned) keeping only that variant which
is preferred by the applied stress direction. The structure, obtained after the
stress induced variant/twin rearrangement in a thermally induced martensite,
is shown schematically in Figure 1.3, where the so called one-way shape
memory effect can also be seen.

12
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Figure 1.2 Schematic representation of differently orientated martensite twins [14]
(twinned martensite) within a certain M nucleus during thermal induced MT; the
plane (dashed by red) represents the lattice invariant plane between the two twins.
The dashed green lines indicate the shape constrain.

At the same time it can be observed, in the schematic picture shown in Figure
1.3, that if the 2" step is missing (step b) then a shape change between the 1°
and the 3" structure (a steps to c, directly) can take place during cooling. If by
some reason the system “remembers” where such c-type martensites have
been nucleated, the process can take place backwards (form ¢ to a) on heating:
this is the two way shape memory effect (TWSME). It is a synthesized effect
i.e. it is possible only after “training” the sample (by cycling during which at
a certain place the c-type M can repeatedly nucleate) [8,12].

(a) (b) (c) (d)
% = =
0000000 COO0000
CO00000. 0000000 OCO00000.
—— 0000000  Stress 9000000 Stress X000,
X —_— COO0000
t Sl Ead Y
Heating &&c_%o % 00000
0000000 TS5 &S
M M M

Heating

Figure 1.3 Schematic representation of the formation of single variant (detwinned)
martensite by the application of uniaxial stress (vepresented by yellow arrows) after
thermally induced M formation. After heating (see the red line on the bottom) the
sample turns back to A and recovers the original shape: one-way shape memory effect

[14].
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1.3. Functional properties of shape memory alloys

As we have seen in the Chapter 1.2, most important
applications/properties of SMAs are based on three main effects:

1- The one-way shape memory effect in which the alloy can remember
the exact orientation and symmetry of the A-phase, while the M-phase
may prefer a different orientation or symmetry [8,12].

2- Thermally induced two-way shape memory effect, as already
mentioned, is an acquired effect: the material is able to remember the
original shape during thermally induced MT and a reversible shape
change is induced. [8,12].

3- Super-elastic and/or rubber-like behaviour: stress induced two-way
shape memory effect at constant temperature (see also below).

Figure 1.4 shows summaries of the most important shape memory effect
(SME) observed in SMAs due to thermal or stress fields.

The super-elastic behaviour (or pseudoelasticity) [15] starts when the
sample is loaded in the A-phase (at point O, in Figurel.4): first the alloy
deform elastically and at the martensite start stress, g, a plateau region with
small positive slope on the o versus ¢ curve (in the two phase A/M region) is
formed producing a large recoverable strain (which can be about 10%). When
the sample is completely transformed to the M-phase, it continues to deform
elastically (at point E) in the formed M-phase. Decreasing the stress
(unloading process) the o versus ¢ curve has a decreasing part in the two-
phase region (from M to A) and the sample recovers to its original shape, with
a hysteresis gap.

The superplastic behaviour [9,12,15] can be observed when one applies
a stress on the sample below the Ms (M-start temperature), which produces
the variant rearrangements (and even detwinning) in the martensite. The
loading (AB) part is similar to the superelastic route, athough here there are
no phase transformation but rearrangement of M-twins (in Figure 1.4). After
removing the stress, the sample remains in the deformed state.

14
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Figure 1.4 Schematic representation for superelasticity, superplacticity and thermal
shape memory effect [15].

It can be noted that the application of a special heat treatment (so-called
stress induced martensite stabilization, SIM-aging [8]) in the single variant
martensitic state under stress, can lead to the so-called rubber like behaviour
in the M-state [16-17]. Indeed, it can happen that, re-deforming the M under a
stress, the orientation of which is different from that under which the SIM-
aging was performed, and then removing the stress, the new (single variant)
martensite structure will spontaneously turn back to the stabilized M variant
with a detectable shape change (about 4-14%). Thus, this stress induced
recoverable (rubber-like) shape change can also be used as a stress induce two-
way shape memory function, but sometimes much lower stress is necessary to
start the martensite reorientation. Of course, in this case the shape memory is
not related to A/M transformation.

Sometimes it was also observed that the transformation had a burst-like
character (even the sample had a macroscopic jump) with an audible click. It
is documented in the literature that it can take place in forward or
reverse/backward transitions or in both [19, 20]. The interpretation of these
phenomena is still not fully clear and thus this effect is also the subject of my
theses.
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1.4. Thermodynamics description of MT

For the thermodynamic description of the MT, if only the temperature

and stress can be changed, the Gibbs free energy per unit volume, g = g , as

the function of 7, o and & should be considered. Here &= . va , 1S the
M A

martensite volume fraction, v = vy, +v,, is the sample volume, T is the
temperature, o is the uniaxial stress. For the 4 to M transformation (denoted
by the ¥ arrow in upper index) the difference of the g can be written as [18]

AgHi(T, 0, &) = Ag®t + EY + D*. (1.1)

Here E‘and D'are the elastic energy and dissipative energy per unit volume,
respectively. Ag€ is the change in the chemical free energy per unit volume
and its & dependence can be given as [1.14]

Agt = EgM + (1 - Hg* — g* = &g — g*) (1.2)
where

gM — g = Aut —TAs' — oet™. (1.3)

A similar expression holds for the reverse (M—A4) transformation. In Eqn.
(1.3) Aut, As* as well as £ denote the change of the internal energy, entropy
and the transformation strain per unit volume in the chemical Gibbs free
energy of the M and A phases. These are independent of & and they change
sign for the reverse transformation (—Au'= Au', As' = As = —As", and

gtrl — _EtrT’ e.g. Etrl

> 0 for tension): see also Figure 1.5 for the case when
o=0. The so-called equilibrium transformation temperature is given (taking
Eqn. (1.3) equal to zero) by
Aut AT
TO(U=O)=F=F. (14)

Similarly, for 7=0, the equilibrium transformation stress is given by:

l )
0, (T =0) =% = & (1.5)

gtrl T gtrte

16
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Figure 1.5 g# and gM as the function of temperature.
In local equilibrium the derivative of the tofal change of the Gibbs free

energy versus the transformed martensite volume fraction, &, for the cooling
transformation, should be equal to zero [8,10]:

an g /% = y
=AA gV +E+ DY)/ = ‘“g L e +db (& =0 (1.6)
el(d) = —= aswellas d*(&) = —;) , respectively. An expression, similar

to Eqn. (1 .6), holds for the reverse transformation (with upper index , taking
derivatives by the austenite volume fraction, /-¢). Furthermore,

EY(Q) = [Fe (9de, DHO = [ d (9de. (1.7)

The elastic energy is due to the local strain fields around the martensite
nuclei formed and to the overlap of their elastic fields: the latter can be

proportional to & [15] and thus we can assume that;

aE!

r = e'(O) =el+(ef—e})é , witheo, es -eo>0. (1.8)

The lower index in e' indicates the volume fraction of the formed M. Thus
E!>0, and for thermoelastic transformations (which are usually observed in
SMAs) E* = —E'i.e. the same elastic energy is released during heating which
was stored during cooling within a cycle (i.e. the integral in Eqn. (1.7) is taken
between 0 and 1, for a half cycle). This also means that [7].

17



dE}

00-9 ey + (el —e5)(1 — &) = —e'(9), (1.9)
1.e. we have
eé =e, = —eg, and ei =e = _eI_ (1_10)

The dissipative energy D is positive for both directions and can be
considered as the sum of two terms D = Dy + D,,. The f'and n indexes belong
to the classical frictional type dissipation during the motion of the interface
between the two phases, while n denote the nucleation energy. Since this is
always positive in both directions, like the frictional type energy, it can be
considered as it would be included in the dissipative term. Thus, we can
assume that D is a monotonic, linearly increasing function of £ (and it has the
same dependence for the reverse transformation as the function of the
austenite volume fraction) [7, 18]

D"
a—gzdi(g) =d) = +d} = d,. (1.11)
This also means that
Dl =D, (1.12)

and for a full cycle D = D' + D". In addition, using again the notations &=
&"T=¢" as well as As=-As¥=As” (As<0), the Clausius-Clapeyron equations
(taking Eqn. (1.3) equal to zero at fixed, non-zero values of o and T
respectively) are [7,18]

T,(0) =T,(0) + oe'"(0)/—As , (1.13)
and
_ £t () As As
Su(T)=60(0) B — T o = [To(0)-T) . (1.14)

(Regarding the units in Eqns. (1.13) and (1.14) remember that As is the
entropy change per unit volume, thus e.g. the second term in Eqn. (1.13)
indeed has the unit of temperature). Here Eqns. (1.13) and (1.14) were used
and it was also taken into account, that the transformation strain, due to the
interplay between the formation of the multivariant as well stress induced

18
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Figure 1.6 Upper and lower branches of the T(&) function given by relations (1.15)
(a) and its inverse, i.e. the corresponding thermal hysteresis loop (b), schematically.
Mg — My and Ay — Ag denote the broadening (width) of the transitions (see also the

text) [7,18]

single variant martensite structures (the result of which depends on 7" and o)
can be temperature and stress dependent [7]: in other words this dependence
can be collapsed into a &dependence of £ [7, 18, 21]. Eqns.(1.13) and (1.14)
give the usually used forms if we assume that £ is constant.

General expressions for the down and up branches of the (inverse)
thermal hysteresis loop (from Eqns. (1.1)-(1.3) and (1.6)) for 0=0 (in Eqns.
(1.1) and (1.2)) are as follows (Figure 1.6):

L L
e +d
Tl(f) =T, — M,
T —A4s (1.15)
(H+d'(
TT(é:) T %'
(where e'(&) = a(1 g) and d'(&) = a(1 5 ). The inverses of these relations

are indeed the down and up branches of the thermal hysteresis loops at a fixed
value of o (see Figure 1.6)

Furthermore, the start and finish temperatures are given [7,18] as the
limits at =0 and at &=/ in Eqns. (1.15)

!
Ms — To — (d0+e0) Mf — T (d +€1)’
(d‘i ) (d;fs) (1.16a)
4 =T, + ) p gy (dite)
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Figure 1.7 Simplified schematic representation of hysteresis loop [2]. The start and
finish temperatures are also indicated (see also the text): a) e(§) = d(&) = 0, the
forward and reverse transformation take place at Ty, b) e(§) = 0,d(¢) = constant,
the forward and reverse transformation take place at different temperatures, the
hysteresis loop is already manifested.d(&) = constant, and e(&) linearly depends
on &, the hysteresis curve is tilted.

which, using the simplifying assumptions in Eqns. (1.10) and (1.11), can be
rewritten as:

MS — To _ (do+eo)’ Mf — To _ (do+el)’
—As —As (1 16b)
A _ T + (dO_eO) A _ T + (dO_el) ’
f — 1o —As s — 1o —As

According the results obtained above, the main (schematic) features of
the thermal hysteresis loops can be summarized (using also the simple limits
as introduced above) as illustrated in Figure 1.7. It can be seen that 7, would
be directly obtained only if both the first derivatives of the elastic and
dissipative energies would be zero (Figure 1.7a). If the first derivative of the
elastic energy is zero, but d, is constant (Figure 1.7b) a hysteresis is observed
and the area of the loop is given by (see Eqn. (16b)).

Ag— Mg =22, (1.17)
1e.
D=D'+D"=2d, = —As(4; — My). (1.18)

In case of ¢) in Figure 1.7 the slopes of the down and up branches are given as

20



My—Myp=—=""2 and A;— A4 =

€1—€p

s (1.19)

respectively, i.e. the inclinations of the corresponding branches of the thermal
hysteresis loop are the measures of the slopes of the first derivatives of the
elastic energy (see also Eqn. (1.8)).

Eqn.(1.15) (see also Figure 17.c) expresses that e.g. during cooling at a
certain temperature the state is in equilibrium at a fixed ¢. If the cooling would
be stopped no further change could happen. In order to proceed one has to
decrease the temperature (the change of the chemical energy is proportional to
AT: see also the inverse of Eqn. 1.15): after the transformation of some
additional M the change in the elastic energy will compensate the change of
the chemical energy cause by AT; this is the so called the thermoelastic
equilibrium.

Similarly as Eqns. (1.15) were obtained from Eqns. (1.1)-(1.3) and (1.6)
we can get, (for constant &) the schematic o versus & functions at 7=const. as

l() dl
oM (T, &) = 0,(T) + 52,
, MDrd (D (1.20)
o'(1,8) = 0,(T) + =52,

and a,(T) is given by Eqn. (1.14). The start and finish stresses (similarly as
Eqn. (1.16a) were obtained as the limits at £=0 and at £=1 of Eqn. (1.20) and
using the simplifying assumptions in Eqns. (1.10) and (1.11), for both the
forward and reverse transformations), can be given (for constant £ [7]) from
Eqgn. (1.20) as

e, +d
0w, (T) = 06(T) + ——5—
e;+d
0 (T) = 0 (T) + = (2
—61 + do ’
UAS(T) = 0,(T) — et

—ep+d,

01, (T) = 05(T) = =25
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Figure 1.8 Schematic representation for the o versus ¢ hysteresis loops

It has to be noted the d,, e, and e; can be different for a thermal hysteresis
loops than here: the development of the martensite microstructure can be quite
different for the growth of a multivariant or single variant martensite. The
above results can be compared to the experimentally observed o versus &
hysteresis loops (Figure 1.8), if we assume that in the part belonging to the
phase transformation the strain is proportional to & (g « &). The first and last
linear parts correspond to the elastic deformation of the austenite and
martensite (i.e. according to the Hook-law the slope of these parts gives the
stiffness of the A and M phases (84 and Sy, respectively). Furthermore, the
slopes of the up- and down-branches are proportional to:

_ 6176 _ _ _&~¢@
O-Mf — O-Ms = otr and O-Af O-AS = ot

(1.22)

1.e. the slopes of the transition regions are the measure of the first derivative
of the elastic energy. Furthermore, the area of the hysteresis loop is given
approximately by

(O'Ms+0'Mf O'AS+O'Af

. )e” =2d,. (1.23)

Closing this section, it is worth emphasizing that although the above
simplified description gives almost all most important characteristics of
martensitic transformation in shape memory alloys, in real experimental
situations quite a large variety of violations of some of the above assumptions
can be found. Such examples can be the so-called asymmetry of the
transformation when the up- and down-branches can have different slopes (see
e.g. [22]), or the so-called anomalous stress-strain loops, when the slope of the
up-branch can be negative and even stress drops can be observed on it [7] (see
also below in the discussion chapter of my experimental results).
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1.5. On the jerky character of structural changes in SMAs

A quite large number of phenomena are known to produce crackling
noises (noise avalanches) which can be defined as series of discrete events
snapping broad range of sizes. This includes earthquakes, sand-piles, plastic
deformation, Barkhausen noise, etc... The structural changes during MT under
an applied external field also proceed with discontinuous motion of the A/M
interfaces which can produce crackling noise. The most important general
feature of crackling noises [23] is that they show similar statistics, which is a
consequence of their self-similar behaviour. The avalanches are jerky
responses to slowly changing driving force or field and are fingerprints of the
so-called driven (tuned) criticality [23], resulting in a truncated power-law
behavior [24,25]. The probability density of a given quantity, x (e.g.
amplitude, A, energy, E, size, S, or duration time, D, of individual noise
signals), can be given as

P(x) = cxtexp (— xi) (1.24)

(o

where ¢ is the normalization constant, g is the characteristic exponent, and x.
is the cutoff value. Thus, 4 corresponds to the Vi (see Figure. 1 in the chapter
of general introduction) D is the whole duration, and S and E are defined as
follows [1]

D
S=j V(t)dt (1.25)
0
1 D
E= Efo V2(t)dt, (1.26)

where R has unit of Ohm (remember for the classical expression in the

. V2 . . .
electrodynamics for the power, P; P = ?) and 1s constant in given material.

The power-law distributions reflect the self-similar behavior: the
temporal shape of a set of such signals looks similar at different time scales
(Figure 1.9) Indeed self-similar signals can be described mathematically by a
power law: (x) = x*, f(1x) = A*x*. The theory of such processes is quite
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Figure 1.9 Voltage signals from Barkhausen noise at different time scales [27]

sophisticated [1, 28] and based on the co-called interface depinning models
and use the renormalization group theory.

However, based on the above self-similarity, it is relatively easy to derive
power law relations between the measurable parameters (4, E, S, D) or
between the characteristic exponents of the above parameters. Let us see this
on the example of the relation between S and D. We have just to compare the
averaged and scaled S(D) function to itself by expanding the time scale by a
small factor [29] as follows. Rescale both the S and D by appropriate scaling
factor, Sy and Dy, respectively.

S(D) = S,f (Dﬂ) (1.27)

As anext step expand the time scale by a small factor D, = 1—16. Then rescaling

of the size will also be small: 7+, i.e.

S(D) = (1 +y8)S((1-6)D), (1.28)
which, for very small value of 6, has the form

AS _ dS
yS=DT=D=, (1.29)

where it was used that AD = D — D(1 — &) = 6D, and AS = S Now, the
solution of Eqn. (1.29) has the form
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S« DY, (1.30)

Using similar considerations, relations between the other parameters can be
obtained [24, 27-30] as:

A Dy—l, (1.31)
2y-1

ExAvr-1, (1.32)

S o AT, (1.33)

Similarly, it can be shown [ 1, 30-32] that the following relations exist between
the exponents

-1 1
; = 2 - ;, (134)
a-1 __ 2y-1
1y (1.35)

where 7, € and a denote in Eqn. (1.24) the characteristic exponents for the
area, energy and amplitude, respectively.

Furthermore, using again the self-similarity [1], it can be shown that
the average temporal shape of an avalanches at fixed duration should have the
form

Va(t,D) = DYV () (1.36)

where V (%) is universal function of %, t donates the time. It can be seen from
the above results that the parameter y plays a central role if one wants to
compare the experimental results with the predictions of the theory. The
theoretical models (e.g. based on the interface depinning model in the
framework of the renormalization group theory, as it was mentioned above)
provide values for y between 2.0 and 1.5. In fact these two values correspond
to the so-called long-range elastic interaction limit (or the limit of the mean
field theory, MFT) [33] as well as to the short-range elastic interaction limit,
respectively, between the moving interface and the pinning points). Thus,
crackling noise systems can be grouped into universality classes on the basis
of the observed  or on the basis of the obtained power exponents as given by
Eqns. (1.30) -(1.33). Note, that since the differences of the exponents between
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the above two mechanisms are rather small (the typical error for the
experimental exponents is £0.05-0.1) it is not easy to make a clear distinction
between the different mechanisms on the basis of the exponents alone. In other
words: the power laws are quite robust, the self-similarity itself dominates and
the power exponents do not differ considerably for different mechanisms. This
is why it became a trend in the last decade to go beyond the power laws [28,
34 - 36] and investigate the temporal shapes of avalanches even beyond the

MFT. Thus, it was obtained that the temporal shape of avalanches can be given
by:

()0 = a5l i-ag-hl 0
and
Ve (£) = atexp(— (})6) (1.38)

for fixed duration time and area, respectively. In Eqn. (1.37) A4 is the skewness
parameter (asymmetry factor) and can be different for different universality
classes (i.e. for different »). In Eqn. (1.38) a and t; are are non-universal
(material-dependent) constants and § = 2 in MFT.

Although, the fact that, self-similarity of crackling noises implies scaling
2y-1 .
relations between avalanche parameters were E~Av-1 and S~Av-1.

According to the theoretical prediction given by the main field theory, MFT,
this should give back the y = 2. However, the exponents obtained from AE
experiments contradict to the above theoretical predictions leading to the so-
called enigma. It will be a part of my thesis to analyse the details of this
problem.
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2. Experimental and evaluation techniques

AE spectroscopy is an important tool for characterizing structural
changes in SMAs. In our research team, it is possible to utilize the AE
measurements simultaneously with thermal and mechanical tests. The
investigated sample, NisoFe18Ga27Cos (at%) single crystal, was provided by
our cooperating partner, Tomsk State University, Russia. In this chapter, an
overview of the used samples, the experimental setups (DSC, tensile machine,
detection of AE signals), and the method for the evaluation of critical
exponents will be provided.

2.1. The sample

The NisoFe18Gaz7Cos (at%) alloy was prepared using vacuum induction
melting. The single crystals were grown by Bridgman method in helium
atmosphere at Tomsk State University, Russia. The as-grown crystals were
annealed at 1473 K for 1h in argon atmosphere at a temperature well above
the order-disorder transition temperature (T = 975 K [37, 38]), and then water
quenched. The B (disordered) high temperature phase of the quenched
crystals undergoes a martensitic transformation to the L1o-martensite.
According to the results of TEM investigations [37, 38] the above
homogenization and quenching resulted, immediately after quenching, in the
presence of y -phase precipitates with a size of 5-15 um [5, 37, 39]. Also, see
Figure 2.1.

Figure 2.1 Optical micrograph from NisgFe1sGaz;Cos Single crystals annealed at
1473K and quenched in water with formed y-phase particles [39].
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Sample A was cut with dimensions ImmX1.5mmX2mm and mass
16mg from the as grown piece and then heat treated as mentioned above. This
sample was kept for 3-months at room temperature after quenching, before
carrying the measurements. The small dimensions and low mass of the sample
make it suitable for investigation of stress-strain curve and the burst strain
recovery in the DSC, in which jumping of the sample with an audible click is
involved.

Sample B was cut as a disk shape sample with diameter 3mm, thickness
0.2 mm and mass 16mg from as grown piece then heat treated as mentioned
above. The disk shape sample provided a good thermal contact with the DSC
pan and make it perfect for thermal and acoustic emission investigation.

Sample C was cut for two pieces after the above heat treatment: Piece
1 with dimension 1.9mmX2.2mmX1.3mm and mass 49 mg which is good for
the DSC investigations. Piece 2 with dimension 1.9mmX2.2mmxX3.0mm and
mass 104 mg was used for the simultaneous measurements of the stress-strain
curves and AE.

The cutting of the samples was performed using a spark erosion
machine. Table 2.1 provides a summary of information regarding these
samples [6].

Table 2.1 Samples description.

Sample Shape Size Mass | Heat treatments
lh at 1473 K in
argon atm.,
1 x1. X hed +
A rectangular | 1 mmX1.5 mm 2 mm 16 mg quenched
(Stress-strain + DSC) kept at room
temperature for
3 months
diameter: 3 mm lh at 1473 K in
B Disk thickness: 0.2 mm 16 mg argon atm.,
(DSC) quenched
1.9mmx2.2mmx1.3mm 49mg | 1hat 1473 K in
Rectangula (DSC)
C argon atm.,
r 1.9mmx2.2mmx3.0mm 104 hed
(Stress-strain) meg quenche
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2.2. Experiment 1: DSC, peak analysis and acoustic emission
(AE) measurements

For my measurements, I used PerkinElmer’s power compensation
DSC7, Figure 2.2, with scanning rate 10 K/min.

The DSC calibration was based on the heat of fusion of pure indium
and the melting points of pure indium and zinc, both calibration samples have
well defined melting peak and good thermal conductivity. In some
measurements, the DSC was cooled down to -40 °C by freezing the refrigerant
with liquid nitrogen, LN2, because for some samples the transformation
temperature was low. In the latter case, I made calibration after adding the
liquid nitrogen in order to ensure the precise control and baseline stability of
the DSC. In addition, to prevent oxidation at high temperatures, flowing
nitrogen gas (N2) was used.

For the DSC peak extraction I determined the start and finish
temperatures using the cross-cut/first derivative methods both gave the same
result within the error bars. For the baseline removal; it was evaluated by
numerical method through fitting polynomials for the baselines before, ¢jey,
and after, ey, the transition peak. I calculated the baseline during the
transition by weighting the above polynomials by the transformed fraction, o,

Gp = (1 — @) Pjex + a brey. Fortunately, for my case djex = Prex [40].

Qr’
.

Figure 2.2 PerkinElmer’s DSC 7
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Figure 2.3 labeled schematic representation for the DSC -peak [40] (a), DSC peaks
for heating and cooling after baseline removal [11] (b).

Figure 2.3b, shows a schematic representation for the heating/cooling
peaks ready for evaluation. The transformation from A — M usually involves
heat releaseing (exothermic transition), while the backward transition M — A
is accompanied with heat absorption (endothermic transition).

Once [ extracted the peak, I could calculate the different thermal
parameters. Since the heating/cooling rate, (dT/dt), was kept constant during
the measurement, the heat of transformation (Q) could be calculated from the
area under the peak as follows:

t 1 T
Q= ftsf Pdt =—— " fTsf P dT (2.1)

Where P is the subtracted/added power required to keep a constant
heating/cooling rate and t represents the time. The lower index s and f indicate
the start and finish points.

The entropy (S;) can be calculated from the following integration, as:

TrdQ'
o=l 2.2)

. . . . dQ .
using that the specific heat per unit mass is defined as ¢, = d—g, ie.dQ =

cpdT. Eqns (2.1) & (2.2) are obtained under the assumption the C, is
approximately the same for the A and M phases.
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The volume fraction of martensite as a function of temperature can be
obtained as [21,41]:

W\ _ (T dQ* , MgadqQt

() = Ju, = M = (23)
N _ (T dQ"  rArdQ"

§(r) =57 2.4)

Both Eqns. (2.3) & (2.4) are used to construct the up and down branches of
the thermal hysteresis loop [21] (see the next chapter).

The simultaneous DSC & AE measurements were made using a
homemade accessory. The microphone was coupled to a steel waveguide, of
15mm length, in order to provide thermal isolation from the sample when its
temperature was widely varied. The microphone and the waveguide were
coupled by grease to improve the acoustic signal transfer. For the hit mode,
the threshold level was determined from measurements carried out in
austenitic state for cooling and martensitic state for heating, respectively (see
Figure 2.4).

Figure 2.4. Schematic representation for the setup use in the simultaneous DSC and
AE measurement. (1) DSC, (2) Sensophone, (3) microphone+ wave-guide housing,
see the enlarged image. (4) DSC controller and (5) AE control computer [42].
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2.3. Experiment 2: tensile machine and AE measurements

Instron testing machine 4465 was modified for dynamic high
precision strain controlled experiments. The machine was adapted with two
steel anvils, fixed lower anvil and dynamic upper anvil, for compression of
small samples in mm-scale. A load cell was also connected to the upper anviel
with a force capacity 1000+10 N. Two Arduino UNO micro-controllers works
as interface between the machine and computer. The first controller maintains
a constant strain rate by controlling the motor based on feedback from the
encoder, which tracks the position of the upper anvil. The second controller
collects the data from the load cell in real time. The data acquisition rate, the
frequency at which the datapoints are collected over time, was 1000 Hz.

I made compression dynamic measurements with a constant strain rate
0.003s ' and 0.0017s! for samples A and C, respectively. The temperature
was controlled by a proportional-integral-derivative controller (UNICOUNT,
PMG-400, Universal controller and display unit) which provides a constant
temperature with + 5 °C accuracy. The temperature was measured by a copper-
constantine thermocouple fixed with Teflon tape, into the lower anvil quite
close to the sample (see the insert in Figure 2.5). For high temperature
measurements, the sample was heated by 2- halogen lamps fixed to aluminium
heating chamber. For low temperature measurements, the cooling was
controlled by pumping liquid nitrogen into the cavity of the aluminium
chamber. The load cell was protected from the different temperature by
aluminium sheets acting as heat retarders/dissipaters. The samples A and C
have a rectangular shape so placing them in our arrangement was quite easy,
see Figure 2.5.

For the simultaneous measurement of AE during compression test;
the AE sensor (microphone) was fixed to the top steel pushing head. This was
because of the small dimension of the sample and to provide an isolation for
the microphone at different temperatures. Grease was applied between the
microphone and the steel pushing head. For the hit mode, the threshold level
was determined from measurements carried out when the upper anvil is
connected to the sample with force 1-5N, at each temperature, see Figure 2.5.
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Figure 2.5 (1) Force sensor, (2) Heat retarder made of aluminium sheets, (3) Lower
anvial fixed, (4) Upper anvil dynamic, (5) Piezo-electric microphone, (6) Halogen
lamp Furnace, (7) The sample, (8) Thermocouple fixed by teflon tape, (9)Sensophone,
(10)Temperature controller.

Usually, I heated/cooled the sample to the required measuring temperature
waited 5-10 min for the homogenization/stabilization of the temperature and
started the measurements.

2.4. AE sensor and data acquisition unit

The following piezoelectric microphone was used: MICRO-100s from
Physical Acoustic Corporation, Princeton junction, USA. It has a good
frequency response between 100 KHz and 1 MHz, which is nearly flat in the
range 0.2 — 1MHz, (at about ~75 dB in average) with maximum + 10dB
deviation (1V reference value). The microphone was integrated with a 30 dB
pre-amplifier. Furthermore, we connected a primary amplifier to the
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microphone with logarithmic gain, offering a dynamic range of 90 dB and
operating within a band pass frequency range of 30 KHz to 1 MHz.

The AE sensor was connected to Sensophone AED404 Acoustic
Emission Diagnostic Equipment (Geréb and Co.,Ltd.,Budapest, Hungary). It
controls the signal, preforms the data acquisition and analyses the AE signal.

Two methods of data acquisition were used;

1) Streaming mode: continuous acquisition of raw signals with a
maximum 8MS/sec sampling rate.

i1) Hit mode: the device processes the signal in real time, and it stores
only the avalanche parameters (amplitude, duration, counts, rise time,
etc), this included removing signals below the threshold. The
sampling rate was 16MHz.

2.5. Evaluation of AE signals.

It was mentioned in the previous chapters that the intermittent motion
of A/M interfaces results in emission of elastic waves, which travel through
the material and the transducer. The source signal (which is the local strain
change during a “jump” of the interface) creates characteristic ringing, at the
self-frequency of the detection system, and after propagation and attenuation
reaches the surface of the detector. This causes a recorded voltage signal
(V(t)), which is proportional to the displacement rate (the velocity) of the
moving interface v(t) at the surface of the sensor.

dX de

V(t) ~ U(t)"’ E"' LO E

(2.5)
X, € represent the shift in the interface at the sensor and the corresponding
strain, respectively. L, is the length of the sample. Figure 2.6 shows a
schematic picture of the detected voltage in AE measurement in a real
experiment: the attenuation and ringing are well visible.
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Figure 2.6 Temporal shape of acoustic emission signal (many signals, sub-
avalanches, following each other within one avalanche and echoes of the wave from
the sides of the sample), the duration, D =ty — t, (t; and ty are the start and finish
times for an avalanche, where the signal goes above and below the threshold value,
respectively.) amplitude, A, is, by definition, the maximum voltage within an
avalanche, the rise time, t,,, is the time needed from tg to reach the maximum voltage

[43].

In accordance with Figure 2.6, from the collected row signals one can
determine the amplitude, 4, the duration time, D, as well as calculate the
energy, E, and area, S, of avalanches as:

B DV(t)Z
E—jo —dt (2.6)

where R is an arbitrarily chosen resistance (I used R=1Q), and
s=[;’ v(t)dt. (2.7)

The problem whether the detected signal, V(t), correctly reflects all the
characteristic features of the source signal or not, is a delicate question in the
literature [3] and called as the transfer problem for AE measurements.

It is already clear from Figure 2.6 that while the maximum amplitude,
A, and rising time can be well proportional to the source signal, the duration
time can be well distorted since the exponential attenuation of the elastic
waves can considerably distort this value: see Figure 2.7. In addition, the
values of E and S, as calculated from the integration over the duration time,
can also be distorted, especially for shorter duration of the source signal,
resulting in the so-called enigma in the scaling relation of the AE, as described
below.
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Figure 2.7 Schematic representation for the distortion of the source signal(a) The
distortion is manifested in the time scale, in which the transfer function resulted in a
long exponential decay tail at the end of the avalanche, reflected in the duration of
the avalanche, while the amplitude and rising time are not/less distorted(b)[3].

Self-similarity of crackling noises implies scaling relations between
2r—1 i
avalanche parameters were E < Av-1 and S o< Av-1[1, 3, 4]. According to the

theoretical prediction given by the main field theory, MFT, this should give
back the y =2 (see: Chapter 1.5 and Eqns. 1.31-1.33). However, the
exponents obtained from AE experiments contradict the above theoretical
predictions leading to the so-called enigma [3]. Thus, it was proposed [3] that
the reason of the enigma is the fact that the detected AE emission signals are
distorted, and this causes deviations from the theoretical predictions. For
instance it results in elongation of the tail of avalanche, increasing the
avalanche duration time, D. It will be a part of my thesis to analyze the details
of the above problem (see next Chapter 3.1.3).

The exponents of the probability distributions of the evaluated
parameters (see also Eqn. (1.24) in Chapter 1.5) was calculated using two
methods: directly plotting the log P(x) versus x, as well as by the application
of the maximum likelihood estimation.

The probability density of a given quantity is evaluated by creating a
histogram on log-log plot with a constant logarithmic width, b = log(xi+1) —
log(xi). The counts are then divided by the sum of all the counts and
normalized by the linear width of the bin, b = xi+1 — x;i; this is the case of
logarithmic pinning [44]. The exponent (¢) are then estimated by using a two
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parametric nonlinear fitting using Levenberg-Marquadt least square method
using Eqn. (2.6).

P(x) = cx* (2.6)

Where c¢ is the normalization constant. Regarding the cutoff factor in
Eqn.(1.24) either exp (— xi) = | was assumed (when the x. was not visually

recognized) or I made fit only in the linear regime as it is illustrated in Figure
2.8a. On the other hand, the maximum likelihood estimator (MLE) was used
to estimate u, using Eqn. (2.7), in which the relation between y and x,,,;,, was
obtained by maximizing the likelihood function [43, 45] (see Figure 2.8b).
Xmin 18 the smallest data for which the calculation was preformed.

— n Xi 7-1
u=1+n[Eln ] (2.7)
min
3.2 T T
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Figure 2.8 Probability density function, PDF, of energy, the x. is evaluated visually
at the point where the line deviates from the linear behavior(a) and corresponding
maximum likelihood, ML, representation, the plateau region represent the range in
which the exponent become independent of lower/upper cutoff, between the dashed
lines. The true values for energy exponent,e, is marked by yellow arrow on the
vertical, on the figure(b).

37



3. Results and discussion

In the first part of this chapter the DSC results for thermally induced
MT as well as the results of AE, simultaneously measured with the DSC, are
provided. The experimental and theoretical investigations of the scaling
relations E~AX, S~AP and the average shape of avalanches are also presented
and discussed. In the second part, the burst like transition as well as the results
of AE, simultaneously measured with the DSC, are provided. Results of the
anomalous stress-strain curves for superelastic regime, measured
simultaneously with AE, are also presented. The discussion proposes
explanations and provides comparison between thermal and stress induced
MTs. The above results were published in my papers [4, 7, 6].

3.1. DSC and AE results for thermally induced MT

In Figure 3.1 I show the DSC results for heating and cooling of samples
(measured with 10K/min scanning rate) A, B and C, respectively.
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Figure 3.1 DSC measurement for cooling (red line) and heating (black line) for
sample A(a), B (b) and C (c)[6].
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Table 3.1 Heat and entropy of transformation (Q and S, respectively) for heating, h,
and cooling, c, as well as the transformation temperatures.

Sample Ms Mf Qc Sc As Af Qh Sh
Unit K K J/mol J/mol K K J/mol J/mol K
A 260 | 252 -257 -1.00 264 | 273 256 0.95
B 305 | 272 -250 -0.90 280 | 312 256 0.90
C 350 | 268 -240 -0.80 267 | 367 248 0.80

They are a bit different for each sample, from the point of view of the peak
width and shifting in start/finish temperatures of the transformation. In
addition, the splitting and stepwise behaviour of the peaks show some
diversity and dissimilarities. These are related to the well-known effect of
change of the size and shape of samples, which - via creating nucleation
centres differently - can also cause different fine splitting of the DSC peaks
[46, 47]. It worth mentioning that cycling for the first three heating/cooling
cycles had no effect on the transformation temperatures.

I calculated the heat and entropy of the transformation using Eqgns. 2.1
and 2.2, respectively, and are presented in Table 3.1. They differ by a bit larger
value than the error bar for sample C (the error bars are 5 as well as 3% for the
heat and entropy of transformation, respectively) as compared to samples A
and B. The average values of the transformation heat and entropy are Q =251
J/mol and S= 0.9 J/molK, for the three samples on heating/cooling. This is in
accordance with [5] for thermally induced transformation in my investigated
alloy.

I constructed the hysteresis loop from the obtained DSC peaks, as
defined in Eqns. 2.3 and 2.4: see Figure 3.2. The samples have hysteresis loops
with different widths: the dissipative energies, evaluated as the area enclosed
by the hysteresis loop, are 11.8, 2.0 and 7.0 J/mol for samples A, B and C,
respectively. The fact that, the hysteresis up and down branches have different
slopes for the three different samples indicate a difference in elastic energies
contributions (see Chapter 1.4 and Eqn. (1.19)).
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Figure 3.2 Hysteresis loops for sample A (a), B (b) and C (c), the heating and cooling
branches are represented by red and black lines, respectively [6].

In addition, as it is also illustrated in Figure 3.2, there are steps on the up and
down hysteresis branches (Figure 3.1b) indicating the stepwise character of
the transformation.

I obtained the AE emission results simultaneously with the DSC
measurements. The shape of sample B provides the best thermal contact with
the DSC furnace and the step wise character is also strongly manifested at this
scanning rate. Therefore, as an example, I show the AE results versus the
temperature for sample B: see Figure 3.3. The AE activity peaks (the number
of avalanches per unit time, dN/dt) and the jumps in the cumulative energy
(Ex =ZXEi) are well correlated to the DSC peaks in Figure 3.1b. The AE activity
is confined within the transformation temperature interval for both heating and
cooling.
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Figure 3.3 AE characteristics versus temperature for sample B. a) heating, b) cooling.
The scales for values of Esy = XE; are the same as those for dN/dt, after dividing by
1000) The squares correspond to amplitudes of hits, the continuous red and green
lines show the cumulative energy (Es = 2Ei) and the acoustic activity [6].

Figure 3.4 shows, the energy distribution functions of AE signals during
heating and cooling for sample A. the fitting range was chosen visually for the
linear part of the PDF however, it is still good to fit the whole range as my

data has no clear cut off region (i.e. exp (— xi) = 1, in Eqn.1.24), indicating

the number of high energy hits became very low before the cut-off effect
would be visible. The plots can be well approximated by straight lines over
two-three orders of magnitude on the energy scale. The AE measurements
were repeated 12 and 3 times for sample A and B, respectively, and exponents
were the same within the error bars. The exponents of the distributions of
energy, €, and the maximum amplitude, a, as calculated from Eqn. 2.6 for
samples A and B are shown in Table 3.2.
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Figure 3.4 Energy distribution functions,; Log P versus log E, obtained from acoustic
measurements during heating (a) and cooling (b) of sample A [6].
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Table 3.2 shows &, a, N and E,, for samples A and B. The error bars for o and € are
about £0.3 and £ 0.1, respectively.

Sample AE for Heating AE for Cooling
N a 4 E: N a & E:
A 18325 | 2.4 | 1.7 | 8.18x10° | 11623 | 2.7 | 1.7 4.34x103

B 31738 | 2.5 | 1.6 | 4.76x10* | 47834 | 2.6 | 1.6 6.39x10*

It was observed in [5, 46] that the AE events have shown a certain
asymmetry (e.g. the exponents for energy and amplitude or numbers of AE
hits and cumulative energy are different for the forward and backward MT).
In my study, I could not observe this asymmetry in the PDF exponents for
heating and cooling, the results are the same within the error bars.
Consequently, alternative method was considered to characterize the
asymmetry in AE. This asymmetry can also be characterized by the relative
change of N and E; [22, 46] as follows:

Nh_Nc

N (3.1a)

p:

Eth - Etc

== 3.1b
n E, (3.1b)

The subscripts h and c refer to heating and cooling. The asymmetry is called
negative if the sign of n and p is positive [5, 22, 46]: i.e. the asymmetry is
negative if N or E; is larger for heating. Table 3.3 shows my results for
samples A and B. It can be seen that the numbers of hits and the total AE
energy during heating is larger for sample A (the transition is more “noisy” for
heating than for cooling), while the situation is just the reverse for sample B.

Table 3.3. Asymmetry exponents.

Sample p n
A 0.58 0.88 negative asymmetry
B —0.34 —0.26 positive asymmetry
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3.1.1. Discussion of DSC and AE results

The different prehistories of samples A, B and C is revealed in small
change, shift of the transformation temperature and change in the hysteresis,
(see Figure 3.1 and 3.2 as well as and Table 3.1). In addition the elastic and
dissipative energy contributions are also a bit different from each other. This
can be attributed to the possible variation in the size and distribution of y~phase
precipitates like it was also mentioned in refs. [5, 22, 38, 46]. The fact that the
exponents have almost the same values in Table 3.2 is in accordance with the
results of [5, 22], in which a similar behavior was observed in
NigoFei3Gaz7Cos(at.%) single crystals, with different y-phase precipitates (see
the Table 3 in [5]). This can be related to the robustness of the characteristic
exponents against microscopic details, if the mechanism is the same. For
instance, according to Ref. [31] the energy exponents for martensitic
transformations with different martensite structures (from orthorhombic to
tetragonal structures) vary only between 2.0 and 1.6. On the other hand, the
most interesting difference observed in ref. [5] was that the samples with
different y-precipitates had different asymmetry. Thus, the asymmetry
parameters are more sensitive for the microscopic details of phase
transformation.

The most important new result of my work is related to the excellent
agreement between the simultaneously measured DSC and AE signals (see
Figure 3.3). The AE parameters and especially the Ey and activity, c;—lz, curves
correlate very well with the stepwise DSC curves. This is a nice illustration,
that the stepwise DSC branches are fingerprints of the intermittent motion of
the interfaces during MT. The jumps of the interfaces are accompanied with
local changes of the elastic strain, which results in emission of AE avalanches.
This emission is also a special kind of elastic energy relaxation and the energy
of elastic waves dissipates during their propagation.

Furthermore, on the basis of my result, an analysis of the experimentally
observed average temporal shape of avalanches at fixed area could also be
carried out. This also leads to a deeper understanding of the well-known AE
enigma problem.
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3.1.2. Enigma problem of AE results

I investigated the power law scaling relations between AE parameters:
E ~AX and S ~AP for thermally induced MT for heating of sample B, see
Figure 3.5 (I will explain the fitting range in Chapter 3.1.3 below). I made the
fitting for the data averaged by logarithmic binning. For example, Eag is
averaged for fixed bins of Ay in Figure 3.5a. I investigated the different
correlations between AE parameter using similar binning, in which the bins,
number and width, are selected according to the parameter on x-axis. Table
3.4 contains the values of the above exponents.

The self-similarity of crackling noise implies that the above power
relations between the AE parameters exist as well (see: Chapter 1.5 and Eqn.
(1.31-1.33)). The MFT provided a theoretical estimate for the characteristic
exponents of correlations between crackling noise parameters. However, the
exponents obtained in Table 3.4 do not agree with the MFT results where 8
and y should be 2 and 3, respectively. This was valid in general for numerous
AE measurements for different sources of crackling noises and called
“enigma” for AE results [3]. Understanding this 'enigma' is crucial as it could
lead to refined theoretical models that better capture the behavior of AE and
noise behavior in different materials.
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Figure 3.5. Relations between Log Sae versus Log An (2) Log Eae versus Log Am(b)
for sample B on heating [4]. In this figure Sae and Eae are the detected area and
energy, respectively. An is the maximum amplitude.

Table 3.4 the exponents of the scaling relations

X B
2.00 + 0.08 1.11+ 0.05
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3.1.3. Introducing of new scaling parameter (¢)

In order to resolve the above mentioned enigma, we have investigated
the original theoretical prediction for the source function of the average
temporal shape of avalanches, V (t), at fixed area and searched for appropriate
parameters being proportional to the non-universal/material dependent
constants a and 74 [4]. Let us start from the averaged source function at a fixed
area, as it was already introduced by Eqn. (1.38):

—ys
V,,(t) = ate” & (3.5)

where § = 2 in MFT, and we assume in the following this value for o. It can
also be seen that 7 is the characteristic time of the avalanche decay [3]. It was
suggested by [3] that the maximum amplitude and the corresponding time, so-

called rising time (t,,), are less polluted by the transfer problems. Indeed, by

setting d‘;—(tt) = 0, the maximum of Eqn. (3.5) can be obtained as:

by = - (3.6)
NG
and
Vo= at,eZ=Bt, (3.7)

From Eqn. 3.7, we can find that V;,, and t,,, are linearly related to each other if
a (or B) is constant [3], In general B (or a) is not constant and we describe this

by allowing that the B= It/—m parameter can be dependent on 1, as [4]:

B~V? (3.8)

m

This conjecture, suggested by our team, is supported by the general self-
similarity, which means invariance on stretching the scale of a given variable,
X: f(x) « f(Ax), and only the power function provides this property, i.e. x* =
(Ax)#~x*). This means that, in general instead of a linear relation between
V, and t,,,, we can assume [4].
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Vo ® = aty. (3.9)

Thus, once the constancy of ¢ has been proved (at least for a given similarity
class), dividing V' by V,, and ¢ by tm~V,,11_(p in Eqn. (3.5), a universal function
should be obtained as

t*

1 t*
Vi) = ezt e @ = 1.65t" e @, (3.10)
where the dimensionless (universal) parameters are given as V* = VL, t* =
m

ti and t° = Z—S = /2. It has to be noted that the mean field results can only be
m m

obtained if ¢ =0 (see also below in Chapter 3.1.4.)

It should be noted that, on the basis of the self-similarity [29] it is
indeed expected, that the normalized V,,(t) functions should fall on a
common curve for different bins of S using one scaling parameter only (there
should exist a power relation between the possible scaling parameters). Thus,
based on the power relations predicted by MFT (i.e. S~A?_as well as D~ A4)
dividing both V,,,(t) and ¢ axes by $%° or by 4 [48-50] it can be expected that
universal temporal shapes should be obtained, but the curves did not scale
completely in a universal way [4, 49-50].
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Figure 3.6. Log Am (An is the experimental value of Vi) versus log tm plots for
heating in my sample B (a) (at B = 0) [4], and for cooling in alloy NissCosMnzgsln1s.4
(b) at small, constant, external magnetic field (B = 250 mT). Fig. b was constructed
from experimental data of N. Samy [51] published also in [4].
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On the other hand, as I will show below, our proposal for scaling provides
nice, scaled together temporal shapes. Before doing this, I have to discuss the
experimental determination of the values of ¢ and the experimental problems
related to the finite threshold values and signal distortions due to the signal
transfer effects.

3.1.4. Experimental validation

Regarding the determination of ¢, let us use the Eqn (3.9) first, since
according to the analysis of [3] the V), and ¢, parameters are not distorted by
the above experimental difficulties. The fulfillment of the power relation in
form of Eqn. (3.9) is illustrated in Figure 3.6a and Figure 3.6b, where it can
be seen that the fitting can be made from the beginning up to an upper window
(see below the comments on fitting window). Another possibility for the
determination of ¢ is from the scaling exponents of £ versus 4 or S versus 4
relations as follows. The reduced area of the avalanche is given by

* __ S _ r * (g% * __ T*Z _(1)2
§'= g = | VA =165—(1- ¢ %
0

T*2

=1.65(1-e 2 ).

(3.11)

Now, we can calculate the reduced duration time from experiments as the
difference of the start and finish times (ts and tr, respectively) given by a fixed
threshold value, C, from Eqn. (3.10)

C *2
—= ) i 3.12
an In1.65 + Int > (3.12)

m

It is clear that there are two solutions, belonging to the start and finish times:

C
£ = : 1
S = 1.65V, (3.13)
v
tr = 2ln?m (3.14)

Thus, we have
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= E = Vimn __C ~ Vm
T" =t —t5s = ch e = ’ZInC. (3.15)

For Vi =107%1073,107%,107%, the first term is 4.3, 3.7, 3.0, and 2.1,

m

respectively, i.e., neglecting the term is reasonable. It is also worth

1.65Vi
noting that the duration time or its reduced value goes to an asymptotic limit
T*2
as C goes to zero. Now, using that (1 — e_T> =1- vi’ from Eqn. (3.11)
m
we get
olnS
ainV,,

2—¢, (3.16)

if Vi « 1. Similarly, it can be shown that
m

dInE
ainV,,

3-¢, (3.17)

(see also the Appendix).

Eqns. (3.16) and (3.17) connect the AE enigma problem to the relation
between the two non-universal factors, a and 7, present in the theoretical
expression in Eqn. (3.5). As we have seen they are related to the maximum of
V(t), Vi, as well as to the rising time (#,=R) and we demonstrated from our
experimental data that they are related by a power relation.

Since in the next Chapters the value of ¢ will also be used for creating
universal scaled (normalized) average temporal avalanche shapes, its value
will be always an average of data estimated from the power relation between
Vi and t,,, as well as from Eqns. (3.16) and (3.17), see also Table 3.5.

In AE experiments, the measured signal does not really reflect the real
source function [3,52] (see also Chapter 2.4.2). The signal can always be
distorted due to various effects which are called transfer problems. First,
there is a problem of the transmittance of the waveguide, sensor, and amplifier;
(i.e. the detection system). This can lead to limitations for simultaneously
detecting more than one avalanche. As a result, overlapping or diminishing of
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Table 3.5 Values of ¢ calculated from different relations for alloy A and B,
respectively. It can be seen that they are very similar, and the average value for the
two alloys is @ =0.74+ 0.10 [4].

Value of ¢
Equation
NissCosMnsgelniz 4 NigFe13Gar;Cos
(3.9) 0.6+0.1 0.6+0.1
(3.16) 0.8+0.1 0.90 % 0.08
(3.17) 0.9+0.1 1.0£0.1
Average 0.77+0.11 0.83+0.13

more than one avalanche (i.e. a long-lasting avalanches may stop shorter ones
or concatenate long trains of avalanches that stared before the end of the first
one) [49,52]. In addition, the misspecification of the threshold, C, can also
results in diminishing of the signals with low amplitude [3, 4, 52]. Second,
there is always a macroscopic vibration of the sample + detector system (with
a certain frequency w), which is called “ringing effect” [3]. Thus, the detected
AE signal is the convolution of the source signal and the transfer function can
be taken as a form of damping oscillation [3, 48, 53] as follows;

t

T(t) = cos(wt)e . (3.18)

T, 1s the characteristic decay time of the propagating acoustic elastic wave. As
a result, it was concluded in [3] that the AE spectrum does not represent the
temporal shape of avalanches nor the model predictions, (see also the
discussion on the normalized average shape of avalanche).

I carried out the following analysis [4] to minimize the transfer
distortions on the detected exponents in the relations between directly
measured AE parameters (detected AE are denoted below by A and D, while
Vi, and T are used for the source signal parameters). It was taken into account
that the transfer effects can dramatically distort the value of D.
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Indeed, in accordance with [30, 52], it can be shown that D=T if T?“ K1

and AL « 1[4, 52-53]. Indeed it is clear from Figure 2.7b in Chapter 2.5. that
for T?a «1, (f Ai « 1 is also valid) the transfer distortion is negligible.

Similarly, at constant (but small) T?“ ratio, for small Ai the evaluated duration

m

time asymptotically approaches to its limit, i.e. D=T. The above conditions
give a lower bound for fitting the experimental power relations only above a
certain D and/or A4, values in a given experiment (where 7, and C are
constants). Thus, we can write that [4];

ding dlnT dlnD 1
D n n

D — =1-¢+
lnAm, olnAy,, 0lndp,

.y (3.19)

ZlnATm ’

where the first three terms arise from Eqns. (3.15) and (3.9). 0 represents the
reciprocal value of the slope of the In4,, versus (nD (see Figure 3.7). Thus 6
can be used as an experimental parameter characterizing the transfer effects;

for 8 = 1 these are neglected (if ATm is also large). Figure 3.7 shows that the

slope of the relation between logAm and logD relation, has a “half-moon”
shape [3-4], the slope of fitting in the linear region is 1.9 + 0.1, which provides

0 = 1—19 = 0.6 £ 0.1, indicating that even in the fitted region 8=1. We have

seen that, related to the lower bound of the fits as suggested above, at least
linear relations e.g. between log D and log A4, can be
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Figure 3.7. Relation between the log An ~ log D, Ai = 0.025 is indicated on the

m

vertical axis on the log Am vs log D plot[4].
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obtained, even if the slope of this is different from the expected, undistorted
value 6=1.0n the other hand, is also expected that at large values of 4, (or D)
possible overlaps of avalanches (some sub-avalanches can be merged and thus
the duration time will be distorted, i.e. will be longer, by this reason) can be
disturbing and/or too small numbers of events can lead to large scatter of the
points (e.g. see the plots in Figure 3.6 at large #, values). This leads to a
recommended upper bound for the fit. Thus, when choosing properly the
centre of the window of fit on the log 4, axis and keeping it fixed for the
different scaling plots, the value of 6, can be kept constant. Thus, one obtains
that the conclusions drawn from different experimentally determined scaling
exponents in Eqns. 3.6 and 3.7, providing the same ¢ value are in good
agreement with each other.

All the correlations were investigated keeping the values of 6 constant. This
was done through choosing the proper fitting window on the log An axis.
Figures 3.5, 3.6 and Figure 3.7 illustrate well the chosen widow of fit.

Before closing this section, it is worth mentioning that the most
frequently considered scaling relation is S~DY, from which the value of y was
usually calculated and, most frequently, a value less than the MF value, 2, was
obtained. Thus, Figure 3.8 shows the logS versus logD plot in alloy B for
heating. The slope is sensitive to the window of fit: its value, fitting between
0.2 ms and 3.0 ms, (the red line in Fig. 3.8) is y=2.14+0.17. However,
including points belonging to smaller and smaller values of D, the value of y
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Figure 3.8 the scaling relation log S versus log D for heating of sample B [4].
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gradually decreases. The y = 2, corresponds to the same window of fit used in
the previous figures: this illustrates, besides the good agreement of the scaling
exponents with each other, that the value of  consistent with a y = 2 MF
value could be obtained.

3.1.5. Normalized average temporal shape of avalanches

For the construction of averaged temporal shapes we divided the S scale
into seven intervals (S-bins) and created the averages of the normalized
avalanche versus time functions within each bin. In Figure 3.9a, the voltage
and time axis are normalized by A4,, following the assumption that [3-4] A,,
~ t,: We can see that the curves do not fall on a common curve. On the other
hand, in Figure 3.9b, we consider the correction term ¢ and using Eqn. 3.9:
the curves are scaled much better together (see the insert too), especially in the
first, fast-decaying part of the curves [4].

From Figure 3.9, it can be seen that curves belonging to the two first
bins (at small values of the fixed area) as well as to the last two bins show
some deviation/scatter from the common curve shown in the insert. This can

(a) 1.0] = 0.08-0.12 uVs| 1-°<:(b) 1.0{, =—0.08-0.12 uVs
1044 08} *0.15-0.25 uVs | _Fosft *0.15-0.25 pVs|
I < osliy 4—0.35-0.45 uVs osdd iﬁ 0.6/% 4 0.35-0.45uVs
osdbt & o4l e 0.55 - 0.65 uVs SR = 0id v 0.55-0.65 uVs
B oo .||+ 075-085 v  — +0.75-0.85 Vs
AN > -1.15 uVs = 0.6 ) «—0.85-1.15 uVs
bR X | - 5.50 uVs <\t} y 00% 3 7y »—2.50 - 5.50 uVs,
> 0.44 l/Ame (S/vl-w)
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Figure 3.9. Normalized functions V*(t*) obtained by scaling: the voltage and time

with An (a) and the voltage with A, and time scales with Ain_q’for heating in alloy B
(at B = 0) at different bins of avalanche area. The insets represent the scaling of
avalanches within the selected bins of avalanche area [4].
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be due to the distortions caused by the transfer and threshold effects (at small
values of S) as well as to some overlaps of the large avalanches (for large,
fixed values of S). Thus, we have shown that using the recognized power (but
not linear) shapes can be well scaled together for a universal function using
the parameters A4,, and exponent ¢.

3.2. AE during anomalous stress-strain curves and burst like
transition along [110] direction

Now, | turn to the second part my thesis which is the investigation of
anomalous stress-strain curves during stress induced MTs. These are
important in understanding the mechanism of MT and controlling the
functional properties of SMAs. For example, production of rubber like
behaviour from SIM-aged samples [16, 39], see also chapter 1.4. In addition,
they are rich with structural changes information. These made them typical for
acoustic emission investigation and more interesting/challenging for
phenomenological discussion. My investigated alloy has two anomalous
behaviours upon compression along [011]. as | will show in the following
sections.

3.2.1. Complete anomalous super-elastic cycles under
compression

| investigated the compression stress strain curves at five different
temperatures 383, 393, 403, 413 and 353K for sample C, with strain rate
0.0017 s~1. Above, 353 K, closed anomalous super-elastic loops were
observed (see Figure 3.10). These curves are anomalous in the sense that the
loading branch shows an overall negative slope where local sharp stress drops
exist. On the other hand, the unloading branch there is first sharp jumps (with
an audible click) which can be sometimes followed by a small jump
(with/without audible click), The dissipative energy calculated as the area
enclosed by (o - €) hysteresis was about 35 J/mol
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Figure 3.10 Stress-strain curves during compression along the [110] axis: sample C
at different temperatures. The curves were taken subsequently between 383K and 413
K, starting at 383 K, while the curve at 353K was taken after the above runs [6].

The AE measurement were taken simultaneously for
loading/unloading at 383K. In this section | will consider the o —t plots
instead of o — € curves, in order to show the correlation with the acoustic
signals (hit mode), as shown in Figure 3.1la: this implies a dynamic
measurement with a constant rate. For a better qualitative visualization, |
created Figure 3.11b, to compare the evolution of acoustic emission hits (N =

YiN;, ‘;—IZ) with the o — t curve. For loading: an increase in AE activity is
observed along the first, almost linear part elastic region of A-phase, with
increasing/high number of hits, N. At the first stress drop a decrease in i—': IS

observed and there are practically no signals after the second stress drop, i.e.
in the elastic region of M-phase. For unloading: there are signals before the
first stress jump and there are also AE events even during the last part, which
has a similar average slope as the first (austenitic) part of the loading curve.
The results were repeated for 3-times at this temperature with the same
observations.
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Figure 3.11 Acoustic signals and the stress versus time curves for sample C: (a)
during loading and unloading. b) shows the cumulated number of signals (dashed red
lines), the AE activity (dN/dt) (in green) as well as the stress curves (in black) for
loading and unloading at 383 K (the maximum of the stress curve corresponds to 200
MPa, in accordance with a)[6].

Figure 3.12 show the PDF for energy and the corresponding maximum
likelihood fit (MLE), the plateau region corresponds to the critical exponents
dashed by red line. Table 3.6, shows the amplitude and energy exponents (the
values for loading and unloading are the same within the error bars), as well
as, the values for N and E: These exponents are similar to the exponents
shown in Table 3.2 for thermally induced transformation within the error bars,
at the investigated rate of deformation.
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Figure 3.12 Energy distribution functions for sample C; Log P versus log E, obtained
from acoustic measurements during loading (a) at 383 K and the maximum likelihood
fit (b) (the dashed line shows the value obtained from the fit, indicated by the straight
line, in a): see also the text) [6].

Table 3.6 shows ¢, «, N and E;, for sample C during stress induced MT. The error
bars for o and ¢ are about 0.3 and £ 0.1, respectively.

Sample Loading Unloading

N a & E: N a & E:

Cc 38346 [ 3.0 | 1.8 | 2.07 x 10° 11518 | 2.8 | 1.8 | 2.77 x 10*

The different values of N in Figure 3.11b and Table 3.6 during loading and
unloading demonstrate the asymmetry of the transformation. The asymmetry
parameters are given in Table 3.7. The positive asymmetry means that the total
elastic energy relaxed during forward/loading transformation is larger than the
total elastic energy relaxed backward/unloading transformation i.e. the loading
branch is more “noisy” than the unloading one.

Table 3.7 the Asymmetry parameter for the stress induced MT.

Sample p n
C -0.70 -0.86 positive asymmetry

Figure 3.13, as an illustration, shows the scaling relations between E and
A as well as S and A for loading/unloading for stress induced MT. Table 3.8
shows the scaling exponents for loading and unloading. It can be seen that
=0, i.e. the enigma for AE still exist even for stress induced transformations
as well.
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Figure 3.13 Scaling relations between the AE parameters for sample C; (a) E
versus A and (b) S versus A for loading [6].

Table 3.8 power exponent for the scaling relations.

X B
Loading 2.3+ 0.3 1.5+0.1
Unloading 2.3+ 0.2 1.4+0.2

3.2.2. Compression cycle resulting in residual martensite

An additional anomaly is observed in the unloading behaviour of the sample
A. The sample was compressed along [011] orientation with strain rate 0.003
s~1 at temperatures 283 and 293K (> As, where Ay, is the usual austenite
finish temperature for thermally induced transformation), see Figure 3.14

@ l Stabilized M-phase| 1601 (b)

& Negative slope K
=80 2 80
b
S 60 60 4
40 40
20 . . 20
<+— Residual strain —
0 ———————r ey 0 r "
o 1 2 3 4 5 6 7 8 0 2 4 6 8
A-phase Strain (%) Strain (%)

Figure 3.14 The stress-strain curve for sample A compressed along [011] at 283K,
the green arrows indicate the stress drops and 293K (b)[6].
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Figure 3.15 the DSC peak for burst strain recovery,1* heating, compared to heating
peak of the thermally induced MT,2" and 3" heating, at 283K (a) the burst strain
recovery after compression at 293K(b). The green arrows indicate the burst peak [6].

The stress- strain curve is anomalous in the sense that during loading: the
plateau region has an overall negative slope with two stress drops (as expected
from the results of the previous chapter 3.2.1). On the other hand during
unloading: the sample remained in M-phase with residual strain ~6%, see
Figure 3.14a and 3.14b. Furthermore, the fact that the sample remained in
the M-phase indicates the formation of stabilized martensite structure. |
transferred sample A after compression at 293 K for DSC investigation and
the 6% residual strain was fully recovered after a sudden jump with an audible
click during heating: see Figure 3.15a and 3.15b. The recovering behaviour
was accompanied by sharp and narrow endothermic peak in the DSC curve at
a temperature higher by ~35K than Ar for the thermally induced
transformation. This peak indicates the so-called burst behaviour and it
represent the temperature at which the compressed sample has an
explosive/burst strain recovery during heating [6]. Nevertheless, heating the
sample after the compression at 283 K (in Figure 3.12a,1% heating), a smaller
and wider peak was also observed only by ~ 10K higher than the temperature
of the thermally induced M — A transformation. This indicates that the stress
induced martensite had two transformation temperatures, i.e. it contained two
different martensite modifications [54] (see also the discussion below).

The summary of DSC results obtained on sample A are given in Table 3.9. The
units of the heats and entropies of transformations here (in contrast to data
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Table 3.9 Summary of the DSC results obtained during: thermally induced MT
without compression (1), thermally induced (burst like) after compression at 283K
(1) and thermally induced (burst like) after compression at 293K (l11). The lower
index c and h are for cooling and heating, respectively. The question marks indicate
that we had a problem in the sudden change of the baseline and the estimated values
are less reliable.

MT | 0 gh Sc Sh Toc Ton
J J JIK JIK K
| | 0.0673 0.0670 0.000261 0.000248 256 269
h1 h2 h1 h2 hi | h2
Il - 0.0530 | 0.0674 0.000190 | 0.000223 279 | 302
? ?
I - - 0.0615 0.000205 300

given in Table 3.1) are given in units J as well as J/K and denoted by g and s,
respectively. Tpn and Tpc are the peak positions for heating and cooling,
respectively.

The lower index h: and h, represent the first and second peaks in the first
heating run in Figure 3.15a. while the lower index h is used for the thermally
induced MT, as shown in Table 3.1. Also, using the sample A, with mass
m=1.6 x107° kg that correspond to a molar mass M=0.0612 kg/mol, the heat
and entropy of the transformation for the burst like recovery was calculated
from the peak shown in Figure 3.15b; Qn=235J/mol and Sy = 0.78 J/mol.K,
(the lower script b is used for burst), respectively. It can also be seen from the
Tables 3.1 that S;, > S, (by about 10 % ) in accordance with [56-58].

AE emission results taken simultaneously with the DSC measurements
as the function of temperatures for sample A, during burst-like recovery after

compression at 283K is shown in Figure 3.16. It can be seen that Z—IZ peaks and

the jumps in E5 are well correlated with the DSC peaks in Figure 3.15a for 1%
heating.
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Figure 3.16 AE amplitudes as well as numerical values of the AE activity and

cumulative energy versus temperature. (The given units on the right-hand vertical
axis are the same for both dN/dt and E, i.e. the scales are identical: see also the
enlarged part on the right [6].

Figure 3.17 shows the PDF for energy for the burst like transition. Table 3.10,
contains the exponents E, A and the cumulative number of energy, E, and hits,
N. Again, the exponent are the same as Table 3.2 and Table 3.6 within the
error bar, however a large decrease in the number of hits is observed.

10°

10° : : : .
102 101 10° 10" 102
E (uv2.o Lus)

Figure 3.17 P(E) for the burst like transition of sample A from first run after
compression at 283 K [6].

Table 3.10. a,&, N and E; for burst-like transition, with the same error bar as Table
3.2.

Sample AE for Heating
N a & Et
A 2823 3.0 1.9 | 1.56x10°
(Burst)
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3.2.3. Discussion
3.2.3.1. Interpretation of the anomalous stress-strain curves

In NisoFe1sGar7Cos single crystal twinned martensite, TM, can be
produced by the thermally induced MT, as it is typical for thermally induced
transformations in general, while for stress induced MT detwinned martensite
develops. In addition the (o — &) curve can be quite anomalous for specific
crystallographic orientations. For example; the (¢ — ¢€) along [001] and [011]
orientations had shown normal as well as anomalous super elastic curves upon
compression, respectively [20, 59-60]. The anomalous behaviour in the
loading curve is explained by the possible (competing) nucleation and growth
of the two martensitic structural modifications (twinned as well as detwinned
martensites, TM and DM, respectively). On the basis of this the following
interpretation can be given [7]: the TM nucleates first (if the martensite start
stress is larger for DM: o > ¢I™ see Figure 3.18), and at a certain
martensite volume fraction, &, during the normal increasing stress-strain
branch, DM suddenly nucleates. Using the results of ref. [61] the stress drop,
Ao, can be given as:

Ao = - (€7 PM - £tTTM) §(E) &, (3.21)

Where £ PM and £ ™ are the transformation strains and S() is the
effective stiffness of the TM + A two-phase system [7]. The stress drop is
negative if " PM > ¢ ™™ and gPM > g™ first of all because the nucleation
energy of DM is larger than for TM. After the stress drop the process can be
repeated in two different ways: i) for large stress drop, leading stress below
o™ the system falls to the elastic regime, and the further growth starts with
the slope S(&), or ii) for moderate stress drop, the dropped stress is above
oI the TM martensite continues its growth, and the process
continues/repeats.

On the basis of the experimental results obtained in chapter 3.2.1 and
3.2.2, it can be mentioned that: the final formed stress induced martensite upon
compression along [011] orientation has a stabilized martensite structure,
DM, and its formation is accompanied with a sudden change in strain fields
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Figure 3.18 Schematic representation for the stress verses martensitic volume
fraction [7].

causing stress drops. However, the dissolution of DM is always accompanied
by jumping behaviour, sudden change in strain fields, observed for sample A

in the burst strain recovery and sample C in the local jumps of the unloading
curve.

We have seen in Figure 3.15 that AT = TPM>4 — TFM>4 > 0. This shift,
can be estimated from the Q and S values, For sample A (from Table 3.9), we

get that, Qb =0.92 and 2 = 22 = 0,83, while for sample C (from Table 31) 5 @

Sh

S” =0.88is obtamed Furthermore, using the approximate relatlon

=1.03 and

for the peak temperatures Tp = QIS we have:

DM—-A
AT Tp

= Sn 4 (3.22)

TF’I;M—>A - TF’I;M—>A thb
Sp _

From Eqgn. 3.22, usmg Q” L from the above calculated ratios ( and = s—

—==7= 0.11 and TPTﬁd—TM = O 16 are obtained for sample A and C respectlvely

Now, TTﬁlTﬁA- 0.12, and TMﬁA- 0.14 for sample A and C, respectively from
P

the measured AT values. Therefore, the measured and estimated values are in
good agreement, taking also into account the error bars.

From the results of the first heating for the sample compressed at 283K the
wider peak observed at the temperature slightly higher than the thermal
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transformation is attributed to the transformation of TM —A, the second peak
and the first heating peak for the sample compressed at 293K are attributed to
the transformation DM —A, indicating that for a certain extent the formation
of the TM is also possible during the stress induced MT along [011]. On the
basis of data given in Table 3.9, it is possible to give a rough estimate for of
the volume fraction of the stabilized, DM, martensite, x for the second peak in
Figure 3.15a. We can write

q Qn1 ~ —

where x, = % and n is the number of moles of the sample and n; and n

denotes the numbers of moles of TM and DM, respectively (n =ny + ny). Thus,
the estimated transformed volume fraction of the stabilized martensite x,,=
0.21 [6].

The shift of the peak temperature in Figure 3.15, i.e. the overheating, is due to
the difficulty of re-twinning of DM (or of nucleation of A from DM): once it
happens the transformation to austenite can be easy and fast, burst-behavior
[19, 56, 60-64]. Thus, the above nucleation barrier is important and one can
get an expression for AT as follows. Using Egns (1.16b) and (1.18) from
Chapter 1.4, it can be written as:

Afpy +A Arry + A
AT = TpDM—>A _ TPTM—>A _ foM . sbM  4fTM . STM
d +d +e +e
= ATO + 1DM oDM 1DM oDM
_ZASDM
_ dirm +dorm + e1m + oty (3.24)
_ZASTM

- 2(dopm — dorm) + 2€0pm — (e17m + €o1M)
B —2As
~ Adn _ AD _ DDM _DTM
T —As —AS  —AS

Here we assumed that AT, = 0,Aspy = ASty, do; = di; (I=DM, TM) and
(e1pm — €opm = 0 (the branch belonging to the burst like peak is almost
vertical: see also Eqn. (1.19)) as well as that the main difference in the first
term is due to the difference of the nucleation energy, (dopy — dorm) =
Ad,, (i.e. we use that doi and dii contains the sum of the frictional and
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nucleation terms, and assume that the frictional type dissipation is the same in
both processes). Dy, and Dry, are the dissipative energies for the heating
processes. Now, AT = 35K, and using the transformation entropy (1.0
J/molK) for this (A) alloy AD = 35 J/mol. This can be compared with the
half of dissipation energy of the of thermally induced transformation (11.8
J/mol) i.e. 5.9 J/mol, which shows that difference of the nucleation energies
of DM and TM is about five time larger than the dissipative energy during the
thermally induced heating [6-7]. Thus, the role of the nucleation barrier indeed
is important in causing the shift of the peak temperature.

3.2.3.2. Interpretation of AE for complete super-elastic cycles during
compression

In addition to Figure 3.11b, Figures 3.19 and 3.20 show the stress-strain
curves and its derivatives in comparison with the AE activity and the AE
cumulative number [65-66]. From Figures. 3.11, 3.19 and 3.20 the following
conclusions can be obtained:

i) In the loading curves: there is a large AE activity in the first (almost linear)
part of the o~t (~¢) curve, which is usually attributed to elastic deformation of

the austenite. However, as Figure 3,19a demonstrates the Z—: curve shows a

deviation from the horizontal line at around the same time from which the AE
activity increases and it is in accordance with the sharp increase in Exin Figure
3.19b. In addition there is a drop in the AE activity (and a small jump in Ex)
just at the position of the first stress drop and after it the process remains
“silent” (with well decreased AE activity) during the plateau region.
Interestingly there is a local maximum of the activity at the second stress drop
too (which can be hardly recognizable in Figure 3.19b, but well visible in Fig.
3.19a). The stress drops are related to the nucleation of DM: after the first
stress drop the stress is still high enough to maintain the growth of TM until
the next nucleation of DM happens. The increase of the activity and the jump
in Ex at the bending point of the o~t (~¢) can be attributed to the fact that a
slight change in the slope of the o~t (~¢) curve indicates that the MT starts
much earlier than the plateau is reached [67] and this is also accompanied with
a detectable AE activity [66].
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Figure 3.19 the derivative of the stress by time (%) and activity ‘Z—IZ versus time,

(a) the stress (o) and Exversus time, for loading [6].

ii) In the unloading curves: the small change in the slope of the o~t (~&)
curve and the accompanied small peak at about (85s) presumably belongs to
nucleation of small amount TM (and/or partial re-twining of DM) with small
jumps in Exas shown in the insert of Fig. 3.20b too). Furthermore all maxima
on the derivative of the stress-time curve belong a corresponding local
maximum on the AE activity. It can also be seen that there are small kinks at
about 100 and 104s on the o~t curve in Fig. 3.20b, indicating step-like
character of the dissolution of DM. The largest change in Ex appears at the
second stress jJump and at this time an audible click was heard.

Finally, since the AE signals are related to sudden local strain- changes [68],
the nucleation events in both directions can be sources of AE signals. The
sudden stress drops can be related to nucleation/dissolution of detwinned
martensite. This is supported by the fact that the final detwinned martensite,
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Figure 3.20 the derivative of the stress by time (%) and activity ‘;—IZ versus time,
(a) the stress (o) and Ejversus time, for unloading [6].

obtained below a certain deformation temperature, was stable even after
unloading: during heating it showed a burst like recovery, at about 35K higher
transformation temperature than that of the thermally induced one, with an
audible click. The observed asymmetry (i.e. the loading process is more noisy
than the unloading one) can be related to the fact that the nucleation of the
more stable phase (the DM) is more difficult [6, 55,59].

The exponents obtained for the energy and amplitude PDF’s for
loading/unloading was similar to the exponents for thermally induced MT
upon cooling/heating, burst like transition and loading/unloading within the
error bars. This latter observation is in accordance with the quite robust
behaviour of the characteristic exponents: these are not very sensitive to the
details of the source mechanisms of AE events.
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Summary

In my thesis, I investigated the thermal and stress-induced MT in
NigFei13Gar7Cos shape memory alloys (SMAs) using acoustic emission
analysis. The SCs during MT proceeds by intermittent processes under slowly
changing external driving field and has a stop-and-go character. This results
in emission of different types of noises including thermal, magnetic, and
acoustic emissions. These noises consist of the so-called avalanches; defined
as a burst of forward motion of interface quantified as velocity/voltage profile
through an interval of time. These avalanches are characterized by their
amplitude, duration, size, and energy.

In the first part of my thesis, I investigated the enigma problem of AE
and correspondence between the experimental AE results and the mean field
theory (MFT) as well as I proposed the introduction of a new scaling parameter
@. I carried out DSC and acoustic investigations on a special setup that was
utilized at the university of Debrecen for simultaneous measurement of DSC
and AE by our group. 10K/min scanning rate of the driving parameter was
used in my measurements. The most important statements of this part:

1.1.1 show that in the theoretically predicted temporal shape of acoustic
emission avalanches averaged at fixed area

V(6 = ate” &’ (S1)

(s and a non-universal, material-dependent constants, 0=2 in MFT), the

maximum amplitude 4, is proportional to #, (the rising time, t,,~7) and they

A

are interrelated assuming a power relation, t—m (~a)~A? ie.
m

tm~AL?. (82)

The above conjecture is supported by the self-similarity of crackling noises,
which suggests a power relation between different parameters [4].

1.2. The validity of (S2) is demonstrated by my experimental results obtained
from acoustic emission for thermally induced martensitic transformation in
NigFe18Gar7Cos shape memory single crystal during heating and ¢ = 0.6 is
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obtained. The same analysis provided same value for ¢ from data measured
earlier by N. Samy et al. in my group on NissCosMn3e.6In13.4 single crystal [4].

1.3. On the basis of (S2), I also show that the well-known scaling relations
between the area and A,, as well as between 4,, and the energy of acoustic
emission signals have the form

S~AZT? (S3)

and
E~AZ?. (S4)

(S3) and (S4) give back the power exponents predicted by the mean field
theory (and assuming no distortion of the measured parameters by signal
transfer problems) only if ¢ = 0, while the “enigma of acoustic emission”
known in the literature is obtained with ¢ = I [S1]. Exponents obtained from
relations (S3) and (S4) are in reasonable agreement with each other and with
@ values obtained from (S2) and provided an average value ¢ = 0.74 +
0.13 [4].

1.4. Using the average value of ¢ the voltage and the time scales of the V(7)

function were normalized by 4,, and A:n_ ?_ and the obtained averaged curves
for different constant values of area, S, collapsed nicely on each other
providing good universal behaviour [4].

I devoted the second part to AE study of the anomalous stress-strain
curves produced by compression along [011] orientation. The anomaly is
defined by the overall negative plateau in addition to the presence of local
stress drops during loading, A— M. Interestingly, depending on the test
temperature. I observed two unloading regimes, M— A. Above a certain
temperature superelastic behavior with local jumps on the stress-strain curve,
on both loading and unloading branches, was obtained, while below it the
sample remained in martensite after unloading and showed a burst like
transition to austenite. I did my experiment using a special setup that is utilized
at the University of Debrecen, during my PhD, for simultaneous measurement
of stress-strain curves and AE. The results can be summarized as follows:
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2.1. For loading the gradually increased AE activity well below the maximum
on the o versus t function can be attributed to the nucleation of the twinned
martensite. The two stress drops are attributed to the subsequent nucleation of
the detwinned (more stable) martensite from the twinned martensite [6,7].

2.2. The sharp decrease of the AE activity just at the stress drops indicates that
the formation of the detwinned modification is a sudden, fast process and can
take place without significant elastic energy storage. This is supported by the
fact that during burst like thermal recovery the width of the transition is very
small [6].

2.3. The final detwinned martensite, obtained below a certain deformation
temperature, is stable even after uploading: during heating it showed a burst-
like recovery, at about 35K higher transformation temperature than that of the
thermally induced one, with an audible click [6].

2.4. For unloading the first part shows a moderate deviation of the stress versus
time curve from the linear (elastic) regime and the observed acoustic activity
in this region presumably belongs to nucleation of small amount of the
twinned martensite (i.e. to partial retwinning). At all stress jumps there are
local maxima on the AE activity curve. These are interpreted by sudden
dissolution of the detwinned phase (retwinning) [6,7].
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Osszefoglalas

Disszertaciomban termikus- ¢és fesziiltség-indukalt martenzites
transzformaciot, MT, vizsgaltam akusztikus emissziés (AE) analizis
segitségével NiswFe1sGax7Cos alakemlékezd dtvozetekben (AEO). Gyengén
valtozo6 kiilso terekben lejatszodd MT soran a szerkezet-valtozasok szakaszos
folyamatok révén valosulnak meg ¢s megall-ujraindul jellegiieck. Ez
kiilonb6z6 tipusu (termikus, magneses és akusztikus) zajok emisszidjahoz
vezet. Ezek a zajok un. lavindkbol allnak, amelyeket a mozg6 hatarfeliiletek
robbands-szerli elmozdulasa valt ki, €s idében valtozd sebesség/fesziiltség
profilokkal tartoznak hozzajuk. A lavindkat azok amplitiddja, iddtartama,
mérete €s energiaja jellemzik.

Disszertaciom elsd részben az AE enigma problémat, valamint a
kisérleti AE eredmények és az atlagtér elmélet kozotti egyezést vizsgaltam
valamint javasoltam egy Uj, ¢, skdlaparaméter bevezetését. A DSC és
akusztikus emisszids vizsgalatokat a Debreceni Egyetemen csoportunkban a
DSC ¢s AE szimultan vizsgéalatdra Kkifejlesztett mérési elrendezésben
végeztem. A vezérld paraméter 10K/min-es pasztazo sebességét alkalmaztam
valamennyi mérésemnél. Ennek a résznek a legfontosabb eredményei:

1.1.Megmutattam, hogy az akusztikus emisszios lavindk rogzitett teriilet
mellett atlagolt idéalakjara elméletileg josolt idéfiiggvényben

5

V(t) = ate_(TLs) (S1)

(75 €s @ nem unverzalis, anyagfiiggd konstansok, 0=2 az atlagtér elméletben),
a maximalis amplitudd, 4., aranyos tx-¢l (az emelkedési 1ddvel, t,,~7) €s

ezeket egy hatvanyfiiggvény kapcsolja Gssze, ':—m (~a)~A? , azaz
m

tm~Ap . (82)

A fenti feltételezést a recsegd zajok on-hasonlosaga tdmasztja ald, amely azt
sugallja, hogy a kiilonb6z6 paraméterek kozott hatvany-fiiggvény Osszefiiggés
van [4].
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1.2. (S2) érvényességét NisFe1sGay7Cos alakemlékezd egykristalyon altalam
flités kozben mért termikusan indukalt martenzites atalakulds soran kapott
akusztikus emissziobol kapott kisérleti eredményekkel illusztraltam és ¢ =
0.6 adodott. Ugyan ilyen analizis ugyanezt az eredmény szolgaltattak ¢-re N.
Samy ¢és mts. altal csoportunkban NissCosMnzeslnizs egykristalyon mért
adatai is [4].

1.3. (S2) alapjén azt is megmutattam, hogy a jol ismert skala Osszefiiggések
az akusztikus emisszios jelek teriilete, S, és amplitudoja, A4,, valamint
energidja, E és amplitidoja kozott a kovetkezo alaktiak

S~AZT? (S3)
és
E~AS?. (S4)

(S3) és (S4) az atlag tér elmélet szerint josolt exponenseket (feltételezve azt
is, hogy a jelatviteli problémak nem okoznak torzitasokat) csak akkor adjak
vissza, ha ¢ = 0, mig az irodalomban jol ismert akusztikus emisszids rejtély
(“enigma of acoustic emission”) @=1 esetén adodik [S1]. Az (S3) és (S4)
Osszefliggések alapjan kapott exponensek jo egyezéseben voltak egymassal és
az (S2) alapjan kapott ¢ értékekkel €és ¢ = 0.74 + 0.13 atlagérteket
szolgaltattak [4].

1.4. Felhasznalva ¢ atlagértékét az V(t) fliggvények fesziiltség €s 1d6 skalait
Am-el valamint A,ln_ ?_el skalazva, a kiilonbozd konstans S értékekhez tartozo
atlagolt gorbék jol egymasra estek jo univerzalis viselkedést tiikrozve. [4].

Disszertaciom masodik részét a [011]a irdny mentén 6sszenyomads soran
kapott anomalis fesziiltség-deformaci6 hurkok AE-os vizsgalatanak
szenteltem. Az anomaliat az atlagos negativ platd, valamint terhelés soran
(A—M), lokalis fesziiltség esések jelentléte jellemzik. Erdekes modon, a
vizsgalati homérséklettdl fiiggden, két visszaterhelési (M—>A) viselkedést
figyeltem meg. Bizonyos hdmérséklet folott szuperelasztikus fesziiltség-
deforméci6 hurkokat kaptam, melyek fesziiltség-ugrasokat tartalmaztak, mig

71



ez alatt a minta mertenzites allapotban maradt és ugras-szeriien tért vissza
ausztenitbe felmelegités soran. Specidlis, a Debreceni Egyetemen, doktori
vizsgalataim sordn, kifejlesztett mérési elrendezést alkalmaztam az AE ¢és a
fesziiltség-deformacids gorbék szimultan vizsgalatara. Az eredményeket a
kovetkezOkben lehet 6sszefoglalni:

2.1. A o(t) fiiggvényen, terheléskor joval a fesziiltség maximum alatt
megfigyelt, fokozatosan novekvO AE aktivitast az ikresedett martenzit

crer

crer

2.2. A fesziiltségek esések utani éles AE aktivitas csokkenés azt jelzi, hogy az
iker-mentes matrenzit mdédosulat képzddése egy hirtelen, gyors folyamat és
jelentds rugalmas energia tarolds nélkil torténik. Ezt az a tény is megerdsiti,
hogy az ugrés-szerli termikus megljulds sordn az atmenet szélessége nagyon
kicsi [6].

2.3. A bizonyos deformacids hémérséklet alatt kapott iker-mentes martenzit
stabil maradt a fesziiltség elvétele utan is: melegités sordn ugras-szer,
hallhat6 kattanassal jaro, vissza-transzformaciot mutatott 35 K-el magasabb
hémérsékletnél, mint ami a termikusan indukalt dtalakuldshoz tartozik [6].

2.4. A terhelés csokkentése soran a fesziiltség-ido fiiggvényen moderalt
eltérések voltak lathatok az eredetileg linearis (rugalmas) viselkedéstdl és a
megfigyelt akusztikus aktivitas ebben tartomanyban az ikresedett matenzit kis
Valamennyi fesziiltség ugrasnal lokalis maximumok vannak az AE aktivitas
gorbéken. Ezeket az ikermentes martenzit hirtelen feloldédasaval (Ujra-
ikresedéssel) magyaraztuk [6,7].

2.5. Az AE lavindk paraméterei minden esetben a szokasos (hatvany
fliggvény) viselkedést mutattdk és példaul az energia kitevok hibahatiron
beliil megegyeztek a termikus, illetve fesziiltség indukal transzformacidkra
mindkét irdnyban [6].
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Appindex I

For scaling relations containing the energy we can start from from the
definition of E and use Eqn. (3.15), i.e.

E~V2t,, fOT* t*2exp(—t*2)dt* = V;2t,,1. (L1)

The 7 integral has the form:

* T 1.2
o t*zexp(—t*z)dt*=[—%t*exp(—t*2)+\gerft*]o, a2

1.€.

I =—>T"exp [—(T*)2]+gerf(T*) = —%( Zan—m> (i)z g

V1 Vin
Terf ZlnT.

It can be seen that the value of / is always positive (7> ty, i.e. T* > 0). Indeed,
for 7" >2 we can take into account that erf 2 = 1 and the first term can be
neglected as compared to g (T* exp(-T*) = 0.037 for T* =2). Thus, T* > 2

ﬁ(l — \/%T*exp(—T*z)) the second term is less than

0.05, and we get /= const = g. The T* > 2 requirement leads also to the

also means that in

. v,
condition that Tm >8 . Thus, we have

, vag Nl (L4)
E~V tyl =20 = B3] = B2T3] (zm?m) :

and thus

OlnE  dlnEyg 3 (I.5)
alnv,, _ dlnA, ¢
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