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1 Introduction

Martensitic transformations of shape memory all&®146 )shave vari-
ous special features [1, 2]. The SMA's itself, #inerefore probablyseen as
something special and even something intelligesmiaft materialg [3].
Whenever such a peculiarity is discovered, one tries to find a plausible lo-
cal explanation for it. Sdhe local explanations multiply without a uniform

conceptand the whole thing becomes more and more complicated.

This is also due to &hfact that the relatiahipto theresearch objecto
the SMAG and their propertieas suchwhich | describe as "intimate", is
lost or never existed by theorists and developers of various matiedss
how arise unrealistic, misleading theoriesuch as the one about ideal
pseudoelasticity [76] and models [107] that pronastgonfrequencies of
SMA actuatorsabout1ooHz and more The theories and models offer a lot
of mathematics with computer science and little physgiosughthe men-

tioned lack ofrelationtoSMAGsS as t he research obj ec

It would be grotesque tadesire theorists to put together and melt an
SMA, to grow a single crystal and cut@esimenfrom it, to process it and
to subject it to a weltonsidered heat treatmeng tarry out a well
thoughtout experiment and tanalyze extensivelyts results in order to
establish or restore a real personal relationship with the &HBlidstead, it
is sufficient to take a SMApecimenn hand, place it on the lips and bend

it pseudelastically in order to feel its latent heat.

It is like blasphemy to ascribe intelligence to thessalpieces, but af-
ter such a "lip test" you can't get rid of the feeling that this thing is very
sensitive. Il n any <case, ayoung scientids how
began with these fimet al pi eceso. | n

trying to understand these sensitive things taaswers that could not
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find despite my hard enquiry. Now, looking back, | thinkhave fathomed
some of the mosmportant answers. It was only my own later experiment
results that brought me to a concept that provides a fundamental, compre-

hensive understanding of most of the SMA properties.

It is advisable, as the Buddha still taught, to return taathenitio prin-
ciples with their axiomatic simplicity on branching paths and in tricky situ-
ations. One of them would be the Le ChateBeaun principle(the equilib-
rium law or the principle of the smallest constrgint his reads: The chem-
ical equilibrium evades an ethal constraint témperature, pressure
change in such a way that the effects of the external change are reduced.
Formulated even more understandably, this means that every thermody-
namic system strives for its stable equilibrium, for the state with minima
energy, and only those processes take place in this system that serve this

striving.

A thermodynamic system is to be understood as a unit formed from sev-
eral interacting components. A conglomerate of-mbaracting parts as
simple spatially limited systns does not form a thermodynamic system
with a common equilibriumbecause there is no continuous, differentiable
function describing the whole systeirhe total energy of such a conglom-
erate can be described as a simple sum of the energies of theualivid

parts:

N
Etotal =a Ei - (1.1)
i=1
This description concernfor examplethe austenitenartensite mixture
after the explosive martensitic transformation in quenched steels. Austenite

and martensite have no common coherent boundarigbasthere are no



common atomic planes. They are separated from one another by areas of

plastic deformation, the energies of whikh, are represented in the sum
(1.1) together with the energies of austeité and matensiteEM :
Eiotal = E* +E" +Ep- (1.2)

The total energy of a complex thermodynamic system, that depends on
intensive state variables such as temperaiu@nd mechanical stress,
should be represented not only by the sum of the energiéé ioidividual

interacted parts, but also by the sum of all interaction eneEgjies

Erotal(T,5) = & E(T.5) + & Ej(T.s). (13)
| I, ]

The term "thermoelastic" was introducbd Kurdjumov after his light
microscopic observations of the temperatependent athermal and re-
versible growtkshrinkage of individual martensite polydomains in an
(Cu- Al - Ni)-alloy in 1949 [4]. As innovative as his observations were at
the tme of the intensive studies of martensite in steels and iron alloys, his
original additive formula for the total energy of the tploase mixture was

simple:
E=A+EM + LM, (14)

where EQM is the elastic energy dife AM phase boundaries. The formu-

la (1.4) is similar to both the formulas (1.2) and (1.3) and thus says nothing
about an interaction between the two phases, let alone about its analytical

form.

Kurdjumov's observations and his sparsamula (1.4) only mean, in

view of the above general explanations, that the austenite and the marten-



site in this alloyi at that time it was far from being about shape memory
effects & M E)G@isd shape memory alloyS M A)aG are separated by areas

of elasic deformation, so that the both have common atomic planes, and
the AM phase boundaries thuesn remain movable They say nothing
about the energy dissipation and the hysteresis as well as about the coher-
ence of phase boundaries despiige martensitic shear deformation within

the elastic austenite matrix, i.e. about the accommodation mechanisms, and
just as little about the global equilibrium, if one talked already about the
metastable(thermoelastit equilibrium of two phase system mhg the

transformation.

Since then, the thermoelasticity model developed on the basis of
Kurdjumov's discoverand the innumerable it accompanying experimental
investigationhave tried to answer all these questions. This succeeds some-
times more sometimegss, and sometimes some experimental results in
special cases, such, &r example the isostresssothermal transformation

with aonephase boundary [5¢ontradict directly this model.

The thermoelasticity model considers the athermity of the matiitensi
forward and reverse transitions as a result of the elastic eseng@geat
the AM phase boundaries. Such storage results in a shift in the transition
temperatures, i.e. the athermal growtitinkage of individual martensite
polydamanes observed by Kurdjumov when the temperature decreases and

increases. The process is represented as a transformation trajg@tpry

. . dzT) mM .
with a negative slope——= <0, wherez=——__ is the martensite
dT m” +m

phase faction.

A major improvement in formula (1.4) was the introduction of the quan-

titative relationship between the system parts, e.g. [54] and tfaBugh
8



the martensitgophase fraction in the additive formula:
E=EAQ- 2)+EM G+ ELM, (1.5)

which ae also generally used to describe the properties of &8sch as

e.g. the electrical resistance (84.2.2):

R=RAGL- 2)+RM &, (1.6)

applies in the twgohase range. Only this improvement omitted the third
term in (1.4), whichdoes not occuat allin (1.1). However, this question
concerns the distribution of elastic energy between the both phases and in
the entiretwo-phase system, which is decisive for thermodynamide-

havior of the system.

The elastic energy arises from the elastic adgon of the austenite
with the martensite at the cohereM phase boundarieBut how do the
martensite polydomaingteractwith one anotherand what energy contri-
bution does this interaction make to the elastic energy of boihdhadu-

al phases and thentire system? Whether and how do thlasticenergies

EéAf and E(Ig\{l of the both phases change during the transformation? The

attempt [76] to represent the third terErQM in (1.4) simply by the num-
ber of AM phase boundaries as a function of th&rtensitephase fraction
EQM = A&(1- 2), analogous to the model of the coherent equilibrium for

coherent precipitates [38pd ad absurdumsince the thernedasticity did
not occur at all and seemed to be unknown to the author despite all availa-

ble experimental evidence.

Without solution of these questions, the question about the course of the

equilibrium temperaturgrajectory Ty(z) during he martensitic forward

9



and revers transformations cannot theoretically be answered either. One
tries to find out experimentally by examining the transformation start tem-

peratures in partial transformation cycles.

It was found all possible forms and pasits of thisT,(z) -trajectores at

that. Tong and Wayman [6] determined as the first by measuring the elec-
trical resistance of &u-based SMA @s a function of the temperature

R(T) in partial transforration cycles that the equilibrium temperature tra-
jectory To(2) runsparallelto the transformation trajectori%a"vI (T) and

ZMA(T). Two parallel starting temperature linds5(z) and Ag(z) were
determined at that for the forward\1 ) and reverseNIA) transformation

in partial cycles [7]. In these resistometric studies a very unusual ratio
A(z=1) <Mg(z=0) was observedvhich was een ®nsidered as a crite-
rion for the initial classification of SMA's. The equilibrium temperatures
were defined as mean valuas the basis of these experimental data:

Mt + A
2

T _ _Ms"'Af 1 —
0(2=0) === and To(z=1) = (1.7)

Two gmilar lines forming a laent hysteresiswere also found in all
other experimental investigations of this kind, in which, however, the ratio
As(z=1) > M4(z=0) was rather the normal case. However, these lines ran
very differently both to the transformation trajectories an@doh other.
Directly X -ray recordinggd8] of the hysteresis loops in partial cycles of
the martensitic forward and reverse transformations of polycrystalline

Nig 5Tip 5-SMA showed twoparallel lines perpedicular to the tempera-
ture axis.

Calorimetric examinations of the partial transformation cycles [9, 11,

10



12, 14,and15] also showed two linell 5(z) and Ag(z) with different in-
)

clinations to the temperature axis inclusigggl(—z =0 (perpendicularto
z

the temperature axis, even if in most cases only up=@4- 0,5),

_deO(Z) <0 or also %>O in different mone and polycrystalline
z z

SMA's for various martensitic transformations. Based on thesdts, the

equilibrium temperature was taken as the mean:

To :—MS;AS (1.8)

similar to that defined for isothermal transformations in steels.

During such calorimetric studies of partial transformation cycles, the
Return Point Memoy effect RPM-effec) came to light [13, 14and 16],
which can be observed as a slowdown in the subsequent complete trans-
formation at the reversal points markedpirevious partial cycles of the

reverse transformation.

The RPMeffect was also discoveréal partial cycles of uniaxial ferroe-

lastic tensiorcompression deformationef ) through reorientation of

thermainduced martensite polydomainsthre martensitic state at tempera-

turesT <M ¢, i.e. without the involvememf AM phase boundaries in
(Cu- Al)-based SM&s [10, 13and 14. In addition, a linesg(es)° O of

. dso(es) _ . M m-
global indifferent T—O) equilibrium betweenM and M

f

martensite macromonodomaiasd M) martensite micromonodomains as
transition zones between the both martensite macromonodomains or a nu-
cleus of a macromonodomain within the otbae during the reorientation

11



was det er mismwehd ndrrow ferr8eM£id hysteresis. The ferro-

elastic deformation starts on this line in partial cycles, so the ferroelastic

yield point {ndex fy) of both the tensilsﬁcy (indext) and the compres-

sive deformations (f:y (indexc) lie on this line.

dsq(es)

The equilibrium linesg(es) = const (
e

=0) in (s - e¢)- dia-

grams of ferroelastic deformation is very similar to the Maxviek
po(V) = const (% =0) in (p- V)- diagrams of the Van der Waals

isotherms in kinetic gas theoryThe same behavior sg(ep) = const

dso(ep)

(
deIo

=0) is shown by the(s - ep) - diagrams of the pseudoelastic

tensioncompressiordeformationof SMA-specimens in the austenitic state

at temperature§ > A¢ [12, 14], which is caused by the nucleation and

growth of martensite micromonodomains within the austenite xn@tribe

observed under a light microscope as martensite lamellae

Calorimetric investigations of the pieces cut out of the tensile
compressiorsamples after several ferroelastic deformatigalesshowed
[13, 14] that the starting temperature of the tewasitic reverse transfor-
mationat the first heating is much highek(es) = A5 +(50- 100) C than

that in theinitial sample as well as in further coolingeatingcycles of the
same deformed specingrkEven then, the phenomenon was interpreted as

stabilizaton of martensite through ferroelastic deformation [13].

In other studies [17, 18] also awiTi-based SMA&s [1971 21], this effect

wasunderstancs a deformatioinor stressnduced stabilization of marten-

12



site, similar to the previouslynlown thermal martensite stabilization in
Cu-based S MAR4.sThel[exdlanation for this kind of stabilization
as well as for the other effects such as-tvay memory effect and
SMART effect [25, 26] were mostly sought in externdéefs such as irre-

versible defects and plastic deformation of the matrix [27, 28].

The thermoelasticity model therefore still remains many explanations of
the phenomena observed experimentgiylty and crumbles more and

more in conceptless mosaic undez tveight of experimental data.
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2 Thermodynamics of the martensitic transformations of SMA's

2.1 Free energy and equilibrium temperatures

2.1.1 Distribution of elastic energy in the twahase system

The first fundamental question that needs to be clarified wosllthé
one about the interaction. Wherethg elastic energy storgélqually in the
entire twephase system or differently in individual phasasd what hap-
pens when thistored elastienergy dissipates, if its sources annihilate dur-

ing the transformatio?

The longrange interaction of the elastic stress@'v' . 0 at the coher-

ent AM phase boundaries extends equally throughoutetiige system.

The elastic energy is the same everywhere with the equality

GA =GM =G valid for the elastic modulus of thmth phases:

A_~AR2 _ M _ aM 52 - cAM _ ~ o
Ef=G &g =) =cM &g =M =cag. 2.1.1)

Fig. 1. Free energies of strefiee and elastically loaded austenite and martens
(a). Free energies of the strdsse stable A) andmetastable A') austenite as

well as of the polydomain\ P) and monodomainNl ™) martensite with the cor
responding equilibrium temperaturég' and Tj (b).

The arising of elastic energy only incresitee energy of thentire AM

two-phase systerrEQ"VI and thus leaslto a decreasing of the transfor-

mation start temperature below the equilibrium temperatlige< To (Fig.

15



1 a). The increase in energy is compensated for by the difference in the free

energies of the both phasesLe( ChatelierBraun principlg:
DF AM (T)* FA(T)- FM(T):EQM. That and only that implicitly in-
cludes Kurdjumov's thermoelasticity model in (1.H)says nothing about

the equilibrium temperaturg, in itself.

However, the elastic energy (2.1.1) does not change the equilibrium

temperaturely (Fig. 1 8. The equilibrium temperature is only influenced

by the reftive change in the free energies of the involved phases
DFe'?"VI (21 Fe'?‘(z)— Fe'\(' (2), 0:thisincreass by theenergyincreasng of

the austeniteDEQM(z)>O and decreaseby the energyincreasng the
martensiteDEQ'VI (2 <0 (Fig. 1 b).

Such @ergetic changes take place in the system twamsformeddur-
ing the martensitic forward and reverse transformations and not only in the

transformation temperature range, but also permanently beyond that. The

contributionsEQ"\/I to the dastic energy of thAM two-phase system dur-

ing the martensitic transformation in Kurdjumov's thermoelasticity model

should be defined in more detail in this regard.
2.1.2 Symmetry relationships and differentiability of free energy
Further cosiderations assume that the free enekgirfholtz potentigl
of the thermodynamic systemsysz FX (%) is a real continuous function
(Fig. 3) of intensive state variableg * s, T. The functionFX(>q) de-
scribes theentire unitary constituted complex thermodynamic system with
interaction in each of its state¥* AA,AMP MP M™ with indices

pointing: A to the stable,A' to metastable austenitd/ ™ to a martensite
16



macromonodomainy P to martensite polydomains anM P to the two

phase(A+M P)-state. The complete free energy of the-phase A'M P-

state contains the free energies of tidiviidual phase fraction and the en-

ergy of the complex elastic interacticﬁﬁ"M IO(z) between the both phases

(1.5).

The prerequisite for a real continuous functien (%) is fulfilled if the

symmetry subgroup of the lesymmetical martensite consists exclusively
of the elements of the symmetry main group of the &sighmetrical aus-
tenite, like that implies the Ginsbutgindau theory both in its original
form [29] and in its relation to the martensitic transformati@@. [This is

the case in most SMA.

In this case, the functioﬁx(xi) is continuous and differentiable over

the wholeexistencearea of the thermodynamic system, and all its possible

changes due to changes in the intensive variablesn be represented by

the total differential:
X W (%)
i .

The partial derivatives in (2.1.2) for intensive state variable T,s

result in the corresponding extensive state variables such as entropy

g = dF() dF(s)
dT ds

|s (Fig. 1 a, B and martensitic deformatiog; = T

The system is in equilibrium at changes of the intensive state variables

(the smallest constraiptwhen the functionFX(xi) shows one or more

extremes at soencritical pointsxg;. This is the case when the total differ-

17



ential (2.1.2) at the values; :XOi‘X]. : corresponding to these critical

points is equal to zero, as Figure 3 shows for the poteRtid) at &; =0

and &, = &, . The equilibrium state variableg; are determined from the

equiibrium conditiondF(x = in‘Xj .)=0.

An equilibrium is either unstahld:

2 (v, =y
AP =x0)| <, (2.1.3)
d)ﬁz ).
or stableif:
20 (v, = yo
d7F (% ‘XO')‘X. >0, (2.1.4)
d>q2 ). 1
and indifferentif:
20 (v, = yo

o’
It is in a metastabl equilibrium if the function F(x ) has for example,

two minima atx, = xo]lxj . and x = xp2

X i and the free energy of the

system corresponds to the energy:
FO§ =Xty )>FO§ =0 ,). (2.1.6)

while the state withreergy F(x = on‘xj .) would then correspond to the

global equilibrium.

Most shape memory effects are described by the phase fraction of the

martensitez(T,s) and the martensitic deformatiam, (T,s) as the exten-

18



sive ona versus the temperatufe and the mechanical stressas the in-
tensive state variables. The changes insysemstate are determined by
the changes in these state variables in their correldt@CatelierBraun

principle).
According to Gibbs' phase rule=k- p+2 for a onecomponent sys-

tem k =1, which also is valid for the diffusionless martensitic phase trans-
formation without changing the phase compositions, the degree of fineedo
f =1 is calculated in twgphase statep = 2. This means that only one of
the both intensive variables can change independently without disturbing
the equilibrium between the both phases. In other words, there is ian equ

librium line so(T) separating the austenite and martensite phases on the
(s - T)-diagram.

This equilibrium line is described by the Claustigpeyron equation

adopted for the stressduced martensitic transformations:

TV RLL
dsq _ DSAM

2.1.7
dT em ( )

The variables is understood as an anisotropic deformation resulting from

the interaction of externakxd and internal ifit) anisotropic mechanical

stressess =5+ sM(2) in aSMA-body.
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3 Two energetic martensite forms:monodomain and polydomain

The free energy can phenomenologically and physically describe every
systemstate during the temperature decreasifg.(3) with the assump-
tions and definitions made above. Martensite welldonsidered in two en-

ergetically different form$ a mone and a polydomain form.

3.1 Physicatphenomenological consideration
3.1.1 Definition of macre, micromone and polydomains of martensite

The first of the two energetically relevant martensite forms would be
martensite macromonodomaM ™ as a result of the homogeneous shear
deformationgy, (Fig. 2 a first row, first step of the austenite lattice as a
whole without secondary invariant displacements:

o = =1gp, (3.1.1)
dhk|

where &y, is martensitic shear vectod,, is distance between two neigh-

boring paralle[hkl| lattice atomic planeghki| are Miller's indices.

The secodary invariant shear deformation, which is listed in the ther-
moelasticity model as the 1st accommodation mechanism and defined here
as thestructural (crystallographi¢ accommodation mechanism, leads to
the formation of twins within a martensibeacromonadomain with stack-

ing faults as twin boundaries and thus to the reshuffle of the martensite

macromonodomain into a martengitelydomainM P (Abb. 2 ). Thefree
energyof the martensit@olydomainis correspondentlyigher than that of
the martensite macromonodomain by the elastic energy of the stacking

faults.

21



One of thebothtwin parts with aonestacking faultFig. 2 b) represents
a martensitenicromonodomain M T as the elementary part of the marten-
sitic phaseThe drection of the martensitic shear vecﬁn (Fig. 3) does
not changeavithin a micromonodomainA martensite micromonodomain is

therefore the minimal carrier dfie maximal martensitic deformation, the

lattice shear deformatiogy, (3.1.1).

The lowsymmetric martensitenacranonodomain can be considered as
a hypothetical martensite phase without a substructureotitatsin free
space and not in an elastic environment. This martensite form, despite its
hypothetical natre, plays econclusiver ol e i n SMAGOGs behavi

is in its micromonodomain forralso part of a martensite polydomain. The

m
transformation of a martensite polydomain consisting o' mi-
cromonodomains into a martensite macromomnaaia under mechanical
external or internal stresBif. 2 a, secondevel first step is very real and

no longer hypothetical.

This transformationinto a martensite macromonodomdakes place
step by step, so that eacth step lead$o the reduction of the free energy

of the martensite polydomain to an energy quantum
P ) : : :

Ui i+1 =Uir1 -uM = g8, with generalized stacking fault energy

g{J On ZJ and area othe stacking faultSs;. Between the two energetic

m
martensite forms defined abovea macromonodomain with ener(g,y'\’I

. . . P . .
and a martensite polydomain with enetgy' I there is a discretenergy

spectrum:

22



NMm

P m . LU
UMT-UMT = gy =NMm GGy, (3.1.2)
=0

wherei =0 is valid for the martensite macromonodomain ard,...,N/

for all existing martensite polydomains with different stacking fault densi-

m
tiesngs or with different micromonodomain numbekg¥ m (3.1.9).
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Fig. 2. Schematic representation of different martensite forms with cha
in temperaturd and stress (a) and an accommodated martensite pol

domain with a twn substructurek), bold lines mark twin boundaries be-
tween martensite micromonodomains with the maximal lattice deform:
° g. Images of real twin substructures of a martensite polydomain in

Cu- Al - Ni- (c- light microsopy [32]) and inCu- Al - Zn-single crys-

tals @ - TEM [14]).
The changes in the free energy of a SMiés a complex thermodynam-

ic system with temperature decreasing without mechanical external stress

from the existencarea ofstable austenite across the tplmase existence
23




area to the existence area of martensite down within the framework of the
here developed and as a concept of -@uma&rgetic martensiteCODEM)

designated quantifying consideration analyzed

3.1.2 Martenste macromonodomaitransformationand the global

equilibrium

During the temperature decreayg the free energies of the austenite and

the martensite macromonodomain are the same at one tempédratiife

(Figs. 1 band3):

FAzUA. T, A =uM - TosM " =M™ (3.1.3)
The equilibrium temperature can be determined from the equilibrium con-
dition (3.1.3) as follows:

m m
_ UA. UM =DUAM

T (3.1.4)

m m
Below the equilibrium temperature, the free energy of the- low
m
symmetric martensite macramodomainF™ " is smaller than that of the

high-symmetric austeniteF . However, a symmetry change as a

A- MM transformation of the stable austenite into the more stable mar-
tensite macromonodomain doest take place due to the lattice shear de-

formation gy, either at the equilibrium temperatufg or during the fur-
. , m 1 .
ther temperature decreasing. An energy baigh :EGQ],%A prevents

the formation of the migensite macromonodomain with the huge lattice

deformation (3.1.1) within the elastic austenite matrix.

In the continuous function of free ener@ﬁ(g (Fig. 3), the energy
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barrier is shown as a maximum between two minima correspondihg to

austenite FA(eC:O) and to the martensite macromonodomain

mC C
M (e=ey):
_1 R e AM T
Fg(T) = EG v - (To- T)DS . (3.1.5)
F
/T>To 1,0
‘ RS YD
/ T=T, -% 0,741 M
Pt ‘ § 0,5-
L= S il s
0 ) L\/ € éo,le- . N
T<T° g 00 , Mskl s f
em Temperature
Fig. 3. Schematic representation of th _. , AM P
free energy as eontinuoudunction of F|g.p4.A hysteresis between (T) and
the lattice shear vector upon teena- | M "A(T) transformation trajectories asce
ture decreasing. tained from the calorimetric data.

Thus the austenite first persists farther to exist below the equilibrium tem-

perature 8.1.4), but in a metastable state given the positive energy differ-

1 m m
enceDF AM " = FA(T) - M (T) >0 between the austenite and the mar-

tensite macromonodomain (2.1.6).

3.1.3 Premartensitic state

' m
The energy differenceF AM (T <Tp) >0 increases during the tem-
peratwe decreasing below the equilibrium temperatigedue to the in-

crease in the second term in (3.1.5) as an entropy contribution to the free

energy. The energy barrier is thereby lowered:
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DFg (T <Tp) = (To- T)@SAM " >0, (3.1.6)

, , A M
The entopy difference psAM" =sA - gM" = d('j:_l_ - dl::IT >0 in

(3.1.6) is positive Kig. 1 b). This leads to a flattening of the minimum

FeA:"oo 7(T) (Fig. 3) and accordingly to a lowering of the elasticity modu-

lus as the temperature decreasing:

129°FRen8 &
dom) _ & de %y
dT dT
which was found experimentally and is known as softening of the elasticity

>0, (3.1.7)

modulus [1]

The lowering of the energetic barrier and the flattening offthg ,(T) -
minimum can be intensified in intermetallic compoundsNis, MnCu
well as by the electrephonon interaction [34], in which the Fersurface
and Brillouinzone come into contact solely through thermal expansion. As
a result of further cooling, the Fensurface and thus thenergy of free

electrons is reduced.

The equilibrium temperatur@, reveals itself also experimentally in
other effects. It is known that the deformation induced martensite is only
possible up to a limit temperature: My >M, [35]. The stressnduced
martensitic transformation of SMA§seudoelasticifyonly takes place in
a limited temperature intervat, * Ts- Mg [36]. In this temperature inter-
val, i.e. in the area dhe softening of the elasticity modulus. In this area is
valid the ratio similar to Clausiu€lapeyronequation(2.1.7), which is de-

rived directly from the equilibrium lingq(T) resulting from the aforemen-
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tioned Gibbs phase rule. On the basis of the previous statements, it can be
said that there is the following correspondence between these otherwise

unspecified critical temperaturddq * Tg* Tp, which can be considered a

an experimentaéxistenceevidence of the global equilibrium temperature

To between the stable austenite and the martensite macromonodomain.

3.1.4 Transformation of a martensite polydomain and local equilibrium
The second energetically estant martensite form is then the actually

observedherme induced martensite polydomaM P (Fig.2 afirst level,
second stepFig. 2 ¢, d with a substructuretWins, stacking faulys[31-
33], which is caused by secondary invariatiida deformationKig. 2 b),

as a result of the adaptation of the martensite and austenite crystal lattices

(the structural accommodation mechan)sithe free energy™ " of such
a martensite polydomain is higher than that of the matéemsacro-

monodomain by the contributiang (3.1.2):

FMP —gMP 1 eMP oM™y - TEsM T, (3.1.8)

The polydomain martensite fornFig. 2 ¢, d with movable twin
boundaries is responsible for all shape memory effects. The schiéiges (
2 a) represent the structural backgrounds of the -aragy memory effect
(Fig. 2 a, second levg| ferroelasticity Fig. 2 a, third leve) and pseudoe-
lasticity (Fig. 2 a, fourth leve). Detailed description of all these effects is
given in 884.5.44.5.3.

The energy catribution Uy in (3.1.8) and (3.1.2) can also be deter-

: : , N
mined by the stacking fault density [m‘ 1]: MSfp
h

in a martensite polydo-
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main Fig. 2 b) with a heighth'vI = N Qi and the shear plaaewumber

N along the normal to the stacking faplaneor to the shear planes and

with thestacking faultsiumberNgs * NMm (Fig. 2 b, c, g:

et A MP P .. MP
Ugt =gCB M Grge 2 kM /M7, (3.1.9)
, " U
wherevM p[m3]: Ssf &M is volume andké\fl IO[MPa] L g = I\jfp
\

is the specific per volume unjt stacking fault energy of theonsidering

martensite polgomain.

At a temperatureT =Ty'<Ty, the equilibrium between the metastable
austenite A' and a martensite polydomai P, which is also metastable
compared to the stable martensite macromonodonmfaig. (I b), is
reached:

A A s A MM wigM P M P
FA=U2-Tg®" =uU™M +Ug - T9GY =F" . (3.1.10)
The equilibrium condition (3.1.10) can be rewritten as follows:
w1 P ing M p .. p .. " P
DFAM® =py AMT _(MPM" 1AM =0, (3.1.11)
The second term in (3.1.11) corresponds to the work

pdV = ké\é' P v M P ors @@= kgf' (@ in thermodynamic potentials, so
p
that the specific stacking fault ener@‘%I introduced in (3.1.9) can also

o . p . .
be identified as mechanical strekY [MPa|* s[MP4 according to its
measuremeninit.

The local equilibrium temperature between the metastable ausgnite
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and the metastable martensite polydomaif results from (3.1.11):

W m P .. p
UMl

To'= . (3.1.12)
DSAM P
The difference between (3.1.4) and (3.1.12):
AM™  pyAMT _ MP g MP
To-To'= S - o (3.1.13)

‘M P
psAM™ DSAM
shows the difference between the global and local equilibrium tempera-

tures This differencecan arise not only through the contribution of the
. Y Mm
stacking fault energygut also through the smaller entroﬁﬂY' <S or

DSA'VIm < psiM P (Fig. 1 b) of the martensite polydomain.

It can be seen from the equations (3.1.4) and (3.1.12) that the global
equilibrium temperaturdg is a fundanental quantity of a SMA, which on-
ly depends on the internal energy and the factors influencing it, such as the
alloy composition or valencelectron concentratio®/a (the number of
valence electron® per an atoma) [115]. On the other hand, the local
equilibrium temperatur@y', which also determines all characteristic trans-
formation temperatures, is additionally influenced by many other metallur-
gical factors &lloying, heattreatment[37], internal stresses, ejcthat in-
fluence the energy and density of stacking faults. These factors change the

temperature differenc@g- Ty' without affecting the global equilibrium

temperaturel .

In view o the definitions introduced above, the common term "marten-
site stabilization" is to be understood directly as a partial or complete tran-
sition of a metastable martensite poly domain by reducing its stacking fault
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density or energy into a stable martensitenodomain with an increased

equilibrium temperatur@gy' in the temperature rangg'<Tg'¢ Tp .
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3.2 Transformations of the polyvariant polydomain martensite
3.2.1 Phase boundaries and traiosmationtemperatures

Reahing the local equilibrium temperatui®' only means that the

stacking faulienergy in(3.1.11) is balanced by the entropy term. However,
the formation ofa martensite polydomain within the elastic austenite ma-

trix requires the surmoting of another energy barriefhe height othis

barrieris determined by the elastic energy of the coheri P phase
boundaries between the metastable austenite and an accommodated mar-
tensite polydomainKig. 2 b, c, 4, which is thereal subject of Kurdjumov's

thermoelasticity model.

The elastic energy of &M P phase boundary is directly related to the

nonaccommodated lattice deformation of a martensite polydomain:

p y
e('a\f' =tgJ =g @1- ké), (3.2.1)
a MP O
where 0¢ kE'Jl :g- el gd:l Is the accommodation degree achieved by
Iv €
Q -

the structural accommodation mechanism. The-asmommodated defor-

mation causes elastic shear stresses at the colMrt phase boundary:

Sel =%G@M (1 k;). (3.2.2)

These provide a contribution of elastic energy to the free energy of the two

phase system that is equally distributed in both phasasd M P (Fig.1

a):
Ug :%G@,%, (1 k;)z (3.2.3)
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The nonaccommodated deformation (3.2.1) is the basis of the dilation
of SMAG&G and can be determined experimentally (84.4.3), although the di-

lation value gy (4.4.22) is again minimized by the morphological accom-

, , P :
modation mechanism, so thej < e('a\f' is. The acc:ommodatlodegreek(,!1

in (3.2.1) is naturally linearly related to the stacking fault demsjty

The presence of the energy barrier (3.2.3) requires a further increase in
the entropy ontribution due to the undercooling for tii@mation of a

martensite polydoain, until the equilibrium
AMP AMP s . M P
F =DS dTp'- Mg') =Ugq) (3.2.4)
is reached at a starting temperatlire M4'<Ty' (Fig. 4).

The first martensite polydomains form at thartensite start tempera-

ture M4' that can actually be measured. The enavgy through further

undercooling compensates for the energy contribution of coheyém#

phase boundaries between the metastable austanhigand the N'V'p(T)
martensite polydomains formed in the temperature ravige<T <My',

wherebyMg is the extrapolated={g. 4) starting temperature.

I P : : .

The total contribution oN™ ™~ martensite polydomainsyhich hardly
interact elastically with one another, to the free energy of thephase
system can be calculatsanply additive

NAM P 0 D
P . MP __ MP 5 M
ud M= a ug | N . (3.2.5)
=1
As the cooling continues, this elastic energy is also comfezhbg an en-

ergetic entropy contribution:
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FAMP _(ro v ) esAMP =g en™ (7, (3.2.6)
p : :
so that furtheN ™ (T) martensite polydomains can form.
How thelocal equilibrium temperaturdy'(z) behaves during the for-

ward transformatiomepends on the changes in energy within the marten-

sitic phase, primarily due to the number of internal martensitiem P

domain boundaries, but also due to possible changes in the stacking fault

p - - - - - - - -
densitynzl' in individual martensite polydomains because of the redistri-

bution of elastic stresses during the transformation.
3.2.2 Coalescence of martensite polydomains
The elastic interaction betwesnatterednartensite polydomain intensi-

fies with further coolingT < Mg and the increasing the martensite poly-

domain numbeN™ p(T). The total energy of the twgohase system can
therefore no longer be calculated additively. The equation (3.2.5) must con-

sequently get an energetic term describing this interacti

The martensitic forward transformation generally takes place not only
through the nucleation of new martensite polydomains, as in the tempera-

ture rangeM¢'- Mg, but also through their growth. The transformation ki-

netics:

#_—c# (3.2.7)

is characterized by the slop%(TT—) of the transformation trajectorg(T) at

d7(T)
T

a constant scanning raf=const, at that

<0 corresponds to the
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athermakinetics represented by the thermoelasticitdel

: . .A'M P
The forward and reverse transformation trajectoméosM (T) and

zV IOA'(T) build a hysteresis loog-(g. 4). The forward transformation tra-

jectory (< 0) hasthree kinetically different sectioné&n acceleration sec-

. ‘M P . . .
tion #'M" >0 of the autocatalytic nucleation in the temperature range

: , : : ‘M P
Ms'- Mg, a section of the rapid, almost linear increae” " = const,

'™ P : : :
#'M" =0 of the martensite phase fraction through growth or nucleation

and growth ofscatteredmartensite polydomains in the temperature range

Mg- M and a the slowing dowsection #'M IO<0 of the transfor-

mationin temperature rage M ¢ - M ¢".

: : PA . :
The reverse transformation trajectonI A(T) shows similar sections

P Al
during heating(¥#> 0): Acceleration# A >0 of the nucleation of aus-

tenite as splitting oéachinternalmartensic M PM P domain boundaries

in two AM P phase boundaries in the temperature radge A, rapid

. Pa o . .
almost linear @M A =0) shrinking or disappearance of martensite poly-

o _ P
domains in the temperaturange A - A and slowing downi(flvI A <0)
of the reverse transformation in the temperature rafxge A '.
The characteristic transformation temperatures without apostrophes are

determined by extrapolating=i§. 4) the linear sections of the transfor-
mation trajectoriesz(T) to z=0 (Mg, Af) and toz=1 (M, A) [9, 11,

and 14], while those withapostrophes marked temperaturetectfthe de-
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viations of the transformation trajectories outside of the transformation

temperature rangedlg- M and A;- As correspond to deviations on
the real measurement curves [6, 7].

It is now our purpose to determinedan describe the energetic process-
es that are hidden behind these kinetic changes during the martemsitic
ward transformation.The elastic interaction betweeeparatednartensite
polydomains leads to a change in the elastic energy of th@hase sys-
tem and its redistribution isingle phases. Since the elastic energy is con-
centrated at the boundaries, the development of the number of these bound-
aries during the transformation is described and analyzed through the mar-

tensite phase fraction(T) instead of theseparategholydomainshnumber

Building of complex conglomerates consisting of merged martensite
polydomains or their different orientation variants as a result of the mor-

phological accommodation mechanigffiectleads to the pairise annihi-

lation of the A‘MiIO phase boundaries with the emergencsimgleinternal

martensiticM PM P domain boundaries. This conversion process, driven
by the elastic interaction of treeparatednartensite polydomaingan be
considerecasthe coalescence of martensite polydomains and qualitatively
described by an empirical introduced coalescence probability factor similar

to that of spinodal decomposition [30] or coherent precipitation [38]:
fe=zUl- 2). (3.2.8)
The difference to bubble coalescence is that an internal martensitic do-
main boundary remains between twoalescedmartensite polydomains

and makes its contribution to the free energy of the martensite phase. The
energywon for the whole twephase system:
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'\ P '\ P Pp P
pugdM" =ufdM" UM M" 50 (3.2.9)

is mainly ensured by the fact that only one internal martensitfm P
domain boundary is created instead of tWMip phase boundaries. The

elastic energy of thtwo-phase system is thereby at least halved. The ener-
gy obtained (3.2.9) is dissipated as acoustic emig8ibid)and contributes

the main part to their intensity
The morphological accommodation mechanistiectsalso the reduc-

tion of the elastic stregs at theM PM P domain boundaries because of
their better compatibility with one another. This reactivates the structural
accommodation mechanism responsible for adapting the martensitic de-
formation to stress fields in the environmehthe martensite polydomains
and leads to a reduction in the stacking fault density withirséparated

martensite polydomairmgrowing together

The energy of these martensite polydomains is thereby reduced to a cer-
tain number of energy quanta (3.1.2nd the equilibrium temperature
To'(2) increases Rig. 1 b). The internal martensitiaV PM P domain

boundaries simultaneously increase the elastic energy of the martensite

phase and lower thecal equilibrium temperaturd,'(z). The total elastic

energy of the twgphase system decreases in all cases, so that the continua-

tion of the forward transformation requires less undercooling and the slope

_d;(:) of the transformation trajectoryT) increases.

The number ofAM P phase boundaries during the forward transfor-

mation (0¢ z¢ 1) can be described by the experimdgtaleasurable vari-
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p : :
ables Nmf , the number of merged martensite polycins at the end of

the forward transformation in the martensitic stgfe=M ¢ ), and z(T):

NAMP () = ZNME & (2). (3.2.10)
The factor A26 in (3.2.10) only indi

forms two AM P phase boundaries in its lamellar or plate shape, which

annihilate during the polydomain coalescence.

The development of the elastic energyM P phase boundaries is ac-

cordingly determined by changing their number (3.2.10
MP (z) = gM C2NM T 2K O(L- 7). (3.2.11)

The number of internaVl PM P martensitic domain boundaries is naturally

related to the number ok M P phase boundaries as follows:

Pp P p . p .
NM™MT 2y = Nmf dz- fo(2)] = N,\'\//I'f &2 (3.2.12)

and determing the development of elastic energy within the martensite

phase:

UMPMP (5 =g ® o " &2 Ky &2(T). (3.2.13)

The contributions of the elastic energy AM P phase boundaries and

internal martensitidV PM P domain boundaries to ¢helastic energy g

of the whole twephase system in the ar@& z¢ 1 can then be represented
in the traditional way by thphase fraction of the martensiteand the aus-

tenite (1- 2):
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Uei(2) =UAMP di1- 2 +UMPMP & = ok Gx(1- 2)2 + Ky OB (3.2.14)

In the normalized form:

Vel(2) _ (2z- 42° +32%)
el

(3.2.15)

canthe functionu(z) =(2z- 472 +323) be easily analyzed and graphically

represented including its individual termgz) = z@- z) and u(z):z2

(Fig. 5 a).

xﬁ, 1.0 ) ﬁ 1,0 \\

< e g - ¥

ﬁ’_ 08/ ~---2z(12 . . % :Jd 0,8 \ - MP—— A

N° (2z-42°+37") R = o
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‘g A’ MP ’-/ g b

£ 0,41 7 <, 04

> e o

2 < _ o
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(_LS 00 0.16 0,5 0.74 1,0 m 0,0 0.26 0,50.56 0.84 1,0
Martensite phase fraction, z Austenite phase fraction, 1-z

Fig. 5.Changes in the energy factartz) = z{l1- z) (dashed ling u(2) = i

(dotted semparabold andu(z) =(2z- 47% +323) (solid ling) during the for-
ward @) and reverseh) transformations

It can beseen that the elastic energy of tAev P phase boundaries or
the number ofAM P phase boundariegufiction u(z) = z{@l- z)) reaches
its maximum atz=0.5 and is no longer present at the end oftthasfor-
mation because of the coalescence. The elastic energy or the nunmber of
ternal martensitic M PM P domain boundariesfunction u(z) = 22) rises
meanwhile parabolically. Development of the total elastic energy from all
boundaries and their interactionrepresentetty a sinusoidal curve with a
maximum atz° 0.16 and a minimum at° 0.74.

Such a complicated development of the elastic energy durinfpthe
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ward transformation is mainly du® tthe complex interplay of two accom-
modation mechanisms. Accommodation itself means the adaptation of two
phases with different crystal lattices to one another for the purpose of re-
ducing the mechanical stressestba phasdoundaries and thus minimiz-

ing the free energy of the twghase system. The structural accommodation
(accommodation degreléd) initially reduces these stresses through stack-

ing faultsincorporation[111] into the elastic range below the plastic yield

point s <sy.

The morphological accommodatioaccommodation degrebg') addi-
tionally reduces these elastic stresses and thus the elastic energy ofthe two
phase system. This also influences the accommodation dle_brse that

the resulting dilatometrically (84.4.3) determined accommodation degree

0¢ k, ¢ 1 cannotbe represented as a simple sum of the bhotommoda-

tion degreesbut as a supior example pf the interacting terms:
ko = kb + K +kh Al (3.2.16)

Since the martensitic reverse transformation in $d/tAkes place ithe

exactly oppositesequencg6], the lastformed internal martensitis Pm P

domain boundaries split when heated above the temperaiire,' than

the first into two AM P phase boundaries with an increase in the elastic

energy of the twgphase system, which always requires further overheating.

The splitting of aM PM P domain boundary into twe\'M P phase bounda-

ries is to be understood as the previously undefined nucleation of the aus-
tenite during the martensitic reverse transformation. With this justification,
the development of the elastic energy during the reverse transformation can

bepresented as the line determined for the forward transformation, but mir-
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rored relative to the diagonblg (2)/ Kgy =z (Fig. 5 b).

The complete free energy of the tphase system is now supplemented

by the threepart interaction energy:

FA'+Mp(Z):FA'(1_ Z)+FMpd+Ue|l (3.2.17)
or:
FA+M p(z) _ I:OA‘ - (DUAM P T psAM p)("2+ Ke @2z- 47° +37%). (3.2.18)
After solution of the quadratic equation for the equilibrium condition:

dEAM P
dz
canbe,first the transformation trajectprz(T) determinedbds an analytical

= DUAMP LT SAMP 42K - 8Ky 2+ 9Kg 2 =0, (3.2.19)

function andsecondly te z; , extremal valuesalculatedwhich are easier

to determine graphicallyF{g. 5 a@): z =0.16 ard z, =0.74.

The second derivation:

5 =Keq {#18z- ) 2.
dZ ©

shows that the valuez =016 corresponds to a maximum
d2pAMP -
T:-5,12<0 and the valuez, =0.74 corresponds to a minimum

d
q2gA+Mm P _ _
722:5_32>o of the elastic energy. The&M P phase boundaries

d

and internal martensiticM PM P domain boundaries are therefore at

71 ° 0.16 in an unstable, at, ° 0.74 in a stable andt z3 ° 0.44 in an in-

differentequilibrium.
In the thermoelasticity model, tlwendition of thermoelastic equilibrium
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(3.2.19) means that the sum of all driving forces is zero:

dEA+MP
dz
where the driving forces are callefdy, chemical, f,.4 nonchemical and

= fen+ fneh+ fais =0, (3.2.21)

fgis dissipative [113]. By comparing equations (3.2.19) and (3.2.21), these

driving forces can then be interpreted as follows:

fCh =-DF AM P y fnCh+ fdiS = 2Ke| + Ke| C"QSZ- 922) . (3222)

The nonchemical and the dissipative driving forces cannoségarated
from one another in the CODEM, because these are changes in the same

elastic energy that is both stored and dissipated during the transformation.

The stability condition for the thermoelastic equilibrium (3.2.20) is only
fulfilled for z>g° 0.44, i.e. only for the second half of tfherwardtrans-

formation. The twephase system is unstable i th< z<0.44 area Fig.
5a).
The solutionsz; =0.16 and z, =0.74 resulting from (3.2.19)korre-

spond to the maximum and the minimum of the function

u(z) =(2z- 47° +323). Between these two extremes there is a rapid in-

crease in thenartensitephase fraction with an almost linear slope of the

transformation trajectoryz(t). The linear extraolation to z=0 and to

z=1 from this area ofapid growth is used to determine the characteristic
transformation temperatures, which makes the meaning of these extrapolat-

ed temperatures clear.

In the area omnstablity 0<z<0.16 (Mg<T <My') there is an accel-

erated increase in the martensite phase fraction due to the nucleation of
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small martensite polydomains with a large surfeeeolume ratio. In a

mostly very extensive are@.74<z<1 (M¢'<T <M¢), where the in-
creasing elastic energy of the martensite phase dominates the total energy
of the twaphase system, the increase in the martensite phase fra€lipn
is slowed down.

In which way does e#&cof the three contributions of the elastic energy

in (3.2.18) as well as their combined effect influenceldcal equilibrium

temperaturely'(z) during the martensitic transformation cannot be calcu-

lated directly. In general, as alreadgalissed above, the sloggﬁ of
z
the equilibrium temperature trajectory within the hysteresis loop, in con-
dzT)

trast to the slopeF of the transformation trajectory, is caused not due

to a change in the energy of the tploase system as a whole, but only due

to a relative change in the energy of the martensite pkragel(b).

_— : ‘M P
The equilibrium temperature trajectofy'= 2Ke|/DSA'VI becomes a

e I Pm P .
vertical line, if the energy contrlbutlorBU('a\fI M (2) = Kg &? from the

internalmartensiticM PM P domain boundaries and from changes in the
stacking fault density due to changes of shear stress fields in the vicinity of

individual martensite  polydomains during their  coalescence

.. . .. p .
Dugf' P =gMng &V ¢, where V& =VM" is the volume of a SMA

p p :
sample, compensate each othbldé\f' (2= DULL\fI (2). That is the case

for the growth sectio.16< z<0.44.

A negative slopedng <0 can beattributedto the increase in the free

Y4
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. PM P p :
enegy of the martensitic phasBU('e\f' M (2) > DUé\éI (2) due to the in-
tensive multiplication of the internahartensiticmPmP domain bounda-

- PM P .
ries. The case occurs at 0.44 where the term U('a\f' M (2) = Kgj &2

LT’
dz

(Fig. 5 @ dominaes. A positive slop >0 sets in the case

Ppa P
pud ™" (2

DU MP () < DU M "(2). The relationship 5
DUst (2)

Is strongly

related to the hysteresis propertibgsteresis width, slope of the transfor-
mation trajectoriey i.e. with crystallgraphic, morphological and thermo-

dynamic transformatioparameters.

3.2.3 The role of habitus plain and orientation relationships

The elastic energy density sihglecoherentA’M P phase boundaries is
determined by the elastic stressgsttheg boundarigswhich depend on
the orientation relationships between the crystal latticéisezustenite and
the martensite [3842] and are mainly concentrated at the ends of wedge

shaped martensite polydomaiksg. 8 d).

These stresses are reduced lgyfdrmation of twins in martensite poly-
domains This structural accommodatiomsults in a redistribution of the
elastic energy between the two phasadecreasing the elastic energy of
austenite, increasing the elastic energy of martensite and therednynigw
the local equilibrium temperaturd'. Theenergyincrease othe marten-
site is greater, the higher the twin density in the field of internal stresses.
The transition zones between different twin densities are formed by twin
gradaion (Fig. 6), which causes an additional energy increase in the mar-

tensite phase.
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Compatibility of the connection planes during the nucleation, growth
and coalescence of different martensite polydomains influences changes in
the twin structure and densifyst as stronglyKig. 7 ac). The greater are
the distortion forces and torques acting on a habitus plane, the further away
Miller indices (hkl) of the habitus plane from their rational numbers. The
rationality of the habitus plane indeeepends on the symmetry relation-

ships between the crystal lattices of both phases, as already discussed in
§2.1.2.

Fig. 7. Change in the twin structurg
twin gradation [40] with distance from the and twin density with nucleation
strained habit planemvhich in this case is | (a), branchinglf) and collision €)
also the coherent phase boundary of different habitus planes [42].

For most nonFe-basic SMAs, the symmetry group consisting of the
symmetry elements of the lesymnetrical martensite lattice is a subgroup
of the symmetry main group consisting of the symmetry elements of the
high-symmetrical austenite lattice. This is the prerequisite for the continui-
ty of the analytical free energy function of order parametsh@as e.g.

the lattice shear vector iRigure 3).

Consequently, the more of symmetry elements of the main symmetry
group contains the symmetry subgroup of the martensite crystal lattice, the
closer to rational numbers are the indices of the habitus planég#4he
smaller is the stress on the habitus plarealler elastic energy of phase

boundarie$, and the narrower is the thermal hysteresis of a corresponding
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martensitic transformation [46]. This stress is accordingly minimal at an
invariant habitus plee. The transformations with invariant habitus planes

should have the narrowest hysteresis loops.

a b c AOnm

Fig. 8. Twin substructureai L - andb V-shaped twin structure in wedgkaped
andc in lenticular martensite polydomains. Typical moiré contrast in the ele
tron microscope image at the tip of a martensite polydomairGao-aAl - Zn
single crystal due to the high concentration of elastic shear strd¥ses (

W

A strained habitus plane is relieved by the formation of twins as an in-
variant secondary lattice shear deformatiéig¢. 6 and 7 ac). Conse-
guently, the smaller the stress on the habit plane, the sraedldre twin
density and the elastic energy of the masiee phase, and the highae

the transition temperatures.

In theory [47], theL - (Fig. 8 & and \AshapedKig. 8 b) twin structures
are energetically equivalent. However, theshapedalwaysand \-shaped
twin structures never are observed experimentally. It is because each of the
twin shearingdeformationbegins at the habitus plane in order to relieve it
and should end at a free interfagddse, grain, block boundgryThere-
fore, the V structure in Figure 8 htw its twin-free lower corners does not
seem to make also energetically much sense. In a lenticular polydomain

(Fig. 8 ¢, this question is obviously irrelevant.
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3.2.4 Interaction @mplexity during the transformation

All of these considerations indicate thihé martensitic forward and re-
verse transformations are accompanied by several cooperating and interact-

ing and not necessarily the same processes. These processes ir#glience

: : . AMP A :
well the transformation trajectorlezgmvI (T) and ZM A(T) asthe equi-
librium temperature trajectorie$y'(z) during the forward and reverse

transformations in various ways.

This is why most of the experimentally determined hysteresis loops are

asymmetric. The elastic stressesa ? phase boundaries lead to athermal

dAT)

kinetics with a negative sloped? <0 of the transformation trajectories

z(T) without influencing thelocal equilibrium temperature The elastic

stresses of internahartensitt M PM P domain boundaries, on the other

hand, determine the position and form of the equilibrium temperature tra-

jectoriesOli :

dz
The internaimartensiticM PM P domain boundaries in the conglomer-

ates that &ve grown together from different orientation variants of marten-

. : : : PM P MP . .
site polydomainsalways in propor'uonN'vI M™ —oNAM ) increase the
free energy of the martensite phase and thus lowelotda equilibrium

temperature% <0. A possble negative change in the stacking fault
z

drs (2

density ) <0 in the dynamic field of the internal stresses increases

dz

the local equilibrium temperaturely'(z) (dTg—'(Z)>o), while a positive
Z
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dngt (2)

change
gdz

>0 leads to its negative slop(]le-lz—(z) <0.
z

Consideration of redistribution processes of elastic energy through
changes in the martensite substructure implies different struetueadetic
martensite states during the transformatExpressedn a simple waythis

means that the martensite at the end of the forward transformation
Mlp 1 M P(z=1) related to its substructurenfcro symmetjyand energy
iIs not the martensite at the beginning of the transformation

ME 1 MP(z=0).

As a result, the equilibrium conditions and thus tbeal equilibrium
temperature between the martenthf and themetastableausteniteA' in
the reverse transformation are also different from those between the mar-
tensite Mc')o and themetastableusteniteA' in the forward transformation.

This justifies the splitting of the equilibrium temperature trajectyyyz)

‘M P
into two trajectoriesTo'A‘NIo '(2) M4(z) for the forward transformation

P Ar
and TOIVIl A'(z)1 As(z) for the reverse transformation, whereis the

number of the partial cycle. The two trajectories show their own behavior
relative to the martensite phase fraction and build an mitéatent hystere-

sis The area othe latent hysteresis corresponds to the energy difference:
e MPA MP B AP
é a

or the energywon throughthe redistribution of elastic energy between the

both phases and dissipated as acoustic emission.
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Due to suchjumble siuation it is difficult to make any theoretical
statements about the shape of the hysteresis loop of a concrete martensitic
transformation an@bout thechanges in thécal equilibrium temperature

To'(2) during the transformation. On thé¢her hand, it is quite possible to

determine the positiortHe equilibrium andransformationtemperatureps
and the width of the hysteresis loops experimentally with the help of di-
verse measuring methods and to control it wed-aimedmanner by add-
ing dloying and thermomechanical treatment, which affects material con-

stants such as the generalized stacking fault energy.
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4 Experimental measurement methods for SMAInvestigations

The martensitic transformations of SNBAare accompanied by changes
in many preerties, such ag.g. the lattice parameters, the specific electri-
cal resistance, the entropy, which are differenthia martensite andhe
austenite. This enablethe changet registerandto investigatan various
experimental measurement methotis.addition, the accompanying pro-
cesses discussed above such as nucleation of the martensite, building and
annihilation of phase boundaries, formation of domain boundaries as mor-
phological accommodation and their splitting as nucleation of the austenite,
development and redistribution of stacking faults as structural accommoda-
tion cause the dissipation or radiation of the elastic energy, which is also

registered and analyzed experimentally.

4.1 Acoustic emission
4.1.1 AE measurement method

One of such measurement nadbk is the registration of the acoustic
emissions AE). AE measurement has been used successfully since the
1960s as a nedestructive testing method for the formation and propaga-
tion of cracks in materials [114], based on the measurements of the elastic
waves accompanying these processes. It did not take long before this meth-
od was also used in investigating martensitic transformations, because the
nucleation and growth of a martensite crystal are completely similar to

those of a crack.

In the AEmethod, he elastic impulses are converted into electrical im-
pulses in a piezoelectric quartz sensor attached on the polished sample sur-
face with a resonance frequency4fiokHz that is the opposite of an ultra-
sonic transducer. The electrical impdsare electronically amplified and
registereddependent on the temperatufée elastic energy (3.2.9) released
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and dissipated during the martensitic transformations is emitted and regis-

tered as acoustic emission when the temperature changes.

The AEintersity | og(T) is determined by the number ohpulses

Nag(T) in the scanning rangd/ ¢ '- As ' with a constant scanning rate

F=const and the released, dissipated p%JI’—ti of the elatic energy
el

UQ'M P stored at theA'M P phase boundaries (3.2.3):

a1l Uy . 8ia
IAE[lme; 1] Npe(MOdo———
Ugl Af'-Mjy

(4.11)

The AEintensity of the experimentally determined AE measurement
curves Fig. 9 &) is in the range ofL0° - 10Mimp& L.

4.1.2 AE measurement curves and their analysis

The main AE sources during the martensitic transformations of GBIA
are, asdiscussedabove, the formation ofAM P phase boundaries and

M PM P domain boundarieas well as their annihilation and splitting. The
contribution of the friction of these movable boundaries at various structur-
al defects to the AE intensity should be negligible compared to the first AE

sources.

Consequentlys the numberN og of AE-impulses in (4.1.1) directly re-

lated to the number oA'M P phase boundaries depending on the marten-

site phase fractiorz (3.2.10):
AMP _ MP
Nag © N —ZNNIf Q@1- 2). (4.1.2)

The measurement curvds\g(T) show purely discreteF{g. 9 cl), pre-

50



dominantly continuous with a maximurgigs. 9 al, c2 and mixed Fig. 9

t h

b) types in different SMAG6sS wi
Q 5,5 110 1:5 n, cycles | 1X10%.impis ' | cu-tawtsents 2wmni [
1x10"2, imp/s : ‘(‘ | B2-9R }

10 i Ti-55wt%Ni-2wt%zr | | | ' |
¥ | it
o TR
| l‘ ‘( \11‘1:[‘? "‘|‘-I“;
: He HU#T il ... Y
; o eI M
Lot X —t VT S e ',‘
70 TG 40 30 20 10 0 10 20 30 T:°C
1x1073, imp/s 5 10 M =-40 A =0
1:Ti-55wt%Ni-2wt%Fe ‘ )
(B2-R) | - 0.8+ can4,2, poly
4t 2:Fe-80wt%Mn 2 B2-9R, AE
(fee-fet) % 0,64
10°C [ : £ al ;
2 Cc ! 1 § 024
. ! M_=0
di'rt | ITAH R e S
“l o i | Temperature, °C
el T T=10°C T,=175°C
Fig. 9. AE measurement curves of polycrystadl SMAG with various martensit;
ic transformations [48fa1 Ti- 55wWt%Ni- 2wt%Zr (B2- Bl19, line 1), de-
pendence on thermal cyclésé 2), b7 Cu- 14wt%Al - 4.2wt%Ni
(B22 9R),ci 1: Ti- 55m%Ni- 2wt%Fe (B2- R), 2: single crystal
Fe- 80wt%Mn ( fcc- fct) [49].

intensity with the number of thermal cycles has an exponential character:

A martensite stabilization wdsundin Ti- 55wt%Ni - 2wt%Zr SMA

INOEINCR

The claracteristidransformatiortemperatures can also be determined in
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AE-intensity in the first termal cycles Kig. 9 a2). The decrease IAE-

(4.1.3)

wherek is a coefficient to be determined experimentally

di

through thermeanduced transformation cycles, as is shown by a decrease in

the AEmethod by extrapolating linear sections of the continuous AE
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measurement curves around the maximumz #0 (Mg, Af ) and toz=1
(Mg, A) (Fig. 9 a, B. Since the AE measurement method is very sensi-

tive to singleacoustic sources, the first AEpulses, which are obviously
associated with thieuilding of severallymartensitenuclei are registered at

temperaturesM¢'© Mg+ (10 20) C (Fig. 9 a, B. In the case of discrete

AE measurement curves, these temperatures should be assumed as the

transformatiorstart temperatures.

With these keylata andhecoordinates omaxima:

AMP _ Mg - Tmax

P A -
zM MPA Tmax = A (4.1.4)

orl- zyax = ;
Ms-M g At - As
the hysteresis loops can be constructed from continuous AE measurement

curves.even thouglsomewhat schematicall¥zig. 9 dfromFig. 9 b).

The differences in the character of AE measurement curves determined
at the same scanning ratéoal some conclusions about the morphology of
the martensite phase. Since it can be assumed that most of-ihgAlEes

within the transformationtemperature rang& - M ¢ are caused by the

coalescence of martensite polydomains, it can mkthat the strong dis-
crete AEsignals Figs. 9 band 9 c2 are caused by the coalescence of a
few large martensite polydomains, while the continuous AE measurement

curves indicate the coalescence of many small martensite polydomains.

Discrete AEimpulsescan also arise from the elastic interaction of mar-
tensite polydomains with grain boundaries or sample edges, which can be
regarded as &ind of the morphologicalaccommodation mechanism. In a
wedgeshaped martensite polydomakad. 8 a), the shear stressare con-
centrated at thepike of the martensite wedge and drastically strengthen

this interaction, so that martensite wedges with thgikes, driven by the
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mirror forces,rapidly reach the grain or sample boundaries aadsform
in the martensitelamdlas with planeparallel sides. The elastic energy

stored at the wedgmpikesis released and emitted as AE.

The dscontinuity ofthe measurement curvekag(T) is related to the

number of AEsourcesN g, the velocity I‘#AE[impC"s' 1J, at which they

arise [109], the AE impulse duratiofimp|s] and the scanning rate

Tt’lK 3 1]. If several AEimpulses with a longer duration overlap, the meas-

urement curvel og(T) becomes continus. In the AE measurement pro-

cess, the dissipated elastic energgtiI JG 1] released by individual

sources is registered as separateiipulses.

The first discrete AE sources during martensitic transformations are the
martensite nuclei that iase explosively after reaching their critical size
[110]. These are recorded either as individual impulses or as continuous
measurement curvebi@. 9 clor 9 al). The growth of martensite polydo-
mains through the movement of partial dislocations, on therdtand,

does not produce any AE impulses or at most a noise background.

The annihilation of AM P phase boundariedue tothe coalescence of
martensite polydomains provides the main part of theirA&énsity. The
larger the coalescing ntansite polydomains, the greater the intensity of
every AE-impulses, as in the case of tlg2- 9R-transformation ofa
Cu- Al - Ni-polycrystalin the range0.1<z<0.4 (Fig. 9 b, d. The frac-
tal structure of the marteits phase [112] means that the #Afensity is
determined in the case of the coalescence of smaller and smaller martensite
polydomains, so that the measurement curveah@®gressively continu-

ous character.
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Given this relationship between AE source sizedaAE-intensity, a

morphologicalfactor / ,, could be introduced:

__Oa

- , 4.1.5
vy o (4.1.5)

N
A

which represents the dependencgs "~ /., of the AEintensity on the

M P
martensite polydomain size or on theeragerelative deviation

. P : :
(V is the samplerolumg of the volume\/i'vI of ith martensite polydo-

. —M P p .
main volume from the average volurde” ~ of all N,'\\A/'f martensite poly-

domains in an analytical form. Suchharphologicalfactor, however, did
not serve a theoretical description of the martensite morphology, but rather
helps the interpretation of experimental AE measurement data with regard

to the morphology of soces of the elastic impulses.

The AE caused by the coalescence is always accompanied by AE pulses
that correspond to the energy quanta released by reducing the stacking fault
density (83.1.1) The reduction takes place in a changing stress environ-
ment of coalescing martensite polydomains. So, ev&Brimpulse with
great intensity cannot be directly assigned to a morphologicadiEce. It
can be added from several impulses from thesAtrces described above.

Therefore, thanorphological factor/ ., (4.1.5) only partially corresponds

to its morphologicabtructural sense and purpose.

Since the AEmethod does not set any special requirements on the AE
samples other than their sufficient mass and reliable contact with the quartz

sensor, the is very well suited for the immediatgiick tests ofthe trans-
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formationtemperatures during SMAelting This methods alsq based on
the research results presented in [48], at the RielytechnicUniversity
e.g.successfully used in practit@deternine and to more preciselyorrect
during manufacturethe characteristic transformation temperatures of

SMAOG ,svhich arevery sensitive to the composition

4.2 Resistometry
In the case of thermimduced martensitic transformatiorzs= z(T )\ S

the daracteristic temperatures and thus the parameters of the thermal hys-
teresis are determined by measuring one of the propexti¢sat change

due to the transformation as a function of the temperaxureX(T). One

of thesimplest and therefore most frequently used methods is resistometry,
the measurement of electrical resistance as a function of temperature or of

mechanical stress.
4.2.1 Fundamentals of resistometry

When measuring the SM#esistance, changes in the conductiafya
SMA-sample are generally registeréd addition, information about their
electronic structure or changes are indiresilypplied, which can be not

only caused by a phase change.

The specific electrical resistanegWQn| of phases withow symmetry

is usually higher than that of phases with high symmetry

DrAM = AL M

<0 due to the increasing electrpihonon interaction,

as it shows the most measurements of martensitic transformations of
SMAG. In intermetallic compounds, the Fersurface and the Brillouin

zone can intersect when the temperature decreasing because of thermal ex-
pansion alone (83.1.3), so that the Fermi surface and thus the number of
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free electrons are reduced. As a result, the electrical resistance increases
even n a narrow temperature interval, where e.g. the martergit R-
transformationtakes place. With further cooling, in thB2+R2 B19

transformation range, the electrical resistance decreases again.

So, all changes in the electrical resistance can serve as indicators of mar-
tensitic phase changes and be measured, whileasp measurement of
absolute resistance valussof no great importance, since the specific re-

sistance valuefor most SMAs have already been determined.

The socalled 4pole measuring method for general measurements of
electrical resistance is §d on Ohm's law =1 (R, where| is current
and U is electrical voltage. Through measurements, the specific electrical
resistance is calculated as a material constant, which is linearly dependent

onthe temperature with a positive temperature coeffidient

Mﬂ=h@,h=%>a (4.2.1)

The measured electrical resistance is also essentially determined by the ge-

ometry of a SMAsample with a lengt L and a crossectionS:

WU=§OU) (4.2.2)

The 4pole measuring methodde circuit diagramrequires fourcon-
ductingwires two onesfrom a direct current source with a stabilizddc-
trical currentand adjustablamperageo string the tesspecimensand two
more to measure the voltage drbp) across the sample between two con-

tact points at a distande.

Since the measurements are often cdrioait in special measuring
chambers under complex conditiotaniperature, mechanical stre¢senly

two electrical contacts or wires can be attached to the sample, mostly by
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resistance spot welding, and the wires that conduct the measurement signal

are brached off the first two wires outside the measuring chamber.

The measurement sign&lU =1 ADR(T) can beadditionally amplified

by increasing theamperagel

m amp'mer kept constant during the meas-
T urements when measuring of
ElG sample ° A/Dconvener
ﬂ massive énsilecompression

¥ i specimens with a large cress

BR - buffer resistance
EIG - electrically insulated grips

T - thermocouple . = . - .
e section and with high conduc-
mi\/ m"“VOt'tme'@f 4-pole method:; circuit diagram g

tivity, e.g. Cu-based SMA&s
(Fig. 10 9. It is advantageous that the noise remains unchanged in contrast

to the electronic amplification. Thepecimens thoughadditionally heated

by the Joule hea® = | 2 RQA, but the measurement results are not affect-

ed if the temperature measurements by a thermocouple take place directly
on thespecimenwith good thermal contact, because the themmaoiced
martengic transformation itself is the kind of the heat supply and removal

is basically no matter.
4.2.2 Resistance measurements duringrmainduced transformations

The nost of actually resistometric investigations of S&Are limited
to the determination of relae deviations of the electrical resistance from
linearity in the case of temperature changes, through which the transfor-
mation temperature$ig. 10 ac) are determined immediately. These devi-

ations are due to different electrical properties of the naistustenite

A'and the polydomaimartensiteM P:
P P - ” P
DRM™A =RM" _ RA :écmr'\" Ao, (4.2.3)
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The measured temperattadependent electrical resistance of a SMA
specimenn the twephase temperature range is represebyethe marten-

site phase fractiory(T) according to the additive standard formula (1.5),

(1.6):

A . M P 5
RT,2=R(M@- 2+R" (T)&= (4.2.4)

-RAM)+DRM Ay &

45 54
4 CuAEZn 53 i Cu-Al-Mn
£ 43 As=Ms
o A _ 524 ;
E A § §
- 41 E 2 51 \
2 S 5504 C
= 3 = =
Z 39-] . %
] 3 ¢ g 497
3 37 : \ i * 48
o 3 R
2 Mf| |As Mg TAf 47
35 1|Illlllllll|llllql"ill LN 462
10 20 30 40 50 60 Mt | AslfgAs 1=1A il M
ARARARMN RARLRRESA | [VTUUUARIL] LA ALARRS) T T T T T T,
273 283 293 353 313 275 285 295 305 315 325 335 345 355

Termmperalure, C

Temperature, K Temperature, K

Fig. 10.Resistometric measurement curvesaf-based SMAs that differ intheir
crystalline state, composition and geomety- Al- Zn-polycrystal &) andsingle

crystal p) with a crosssectionS = 0.5mn? and asingle crystallineCu- Al- Mn-

tensioncompressiorspecimerwith the same Lengthnd a crossectionS = 5mnf
(¢) in the initial stateX) and after a few tensiecompressiofdeformation cycles?).

From the linear dependence of the electrical resistance on the martensite

phase fraction, the trajectorieso"'vI ID(T) and zM pA'(I') of the therme

induced martensitic forvard and reverse transformations, which build a

hysteresis loop, can be determined by the differeDiR¥ IOA'(T) against

the background of the normal temperature changesdnetectrical re-

sistance (4.2.1) of the two phasléé'(T) and RM P (T):

_RM-RAM)

(4.2.5)
DRV PA (1)

Z(T)

In (4.2.5) the resistance valuas measuring temperaturds, in the
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two-phase temperature range are to be determined by linear extrapolation

: P - :
of the functionsR (T) and RA (T) to the measuring tempeuaé T,,.

So, the numerator in (4.2.5) is:
A _ A A A
R(Tm) - R (Tm) = R(Tm) - R™(A¢) - kt” @Af - Tyy), (4.2.6)

and the denominatas:

DRAM” (1) =GR (M )+ ATy - M) RA ). (42,7

The easiest way to perform these calculations is to use a ruler on the graph-

ic representation of theéetermined hysteresis loop.

The hysteresis loop is so distorted by the temperature dependence of the

: : P - :
electrical resistance of the both phasbéé . kfo‘ that a ratio A; <Mg

(Fig. 10 @ was measured for some SK#A and suggesteals one of the
classification features for the SMAES, 7]. However, the relationship nev-
er happened in others, e.g. calorimetric measurement methods and remains

rather a resistometric artifact.

4.2.3 Ascertainingof mechanical hysteresifsingresistometry

The stressinduced martensitic transformatior‘E(S)\T of SMAG are

caused by the action of an external mechanical ssressext at a constant

temperatureTy'<T <Tgp within the area of applicatiorof the Clausius

Clapeyronrelationship(2.1.7). In this case, the electrical resistance depend-

ing on the mechanical external strd?& ) and the specimen deformation

R(e) can be measured simultaneously in one test.

With this method, the nasured resistance value is not only determined
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by the specific resistance chan@eMmA' (4.2.3) due to the martensitic

transformation of the metastable austenffe into one or more stress

induced martensite monodomaids2.4):
DR(z) = DR} A @&, (4.2.8)

m a» .. m ar
where DROM A - %Cli)r'vI A IS, but also due to the change in length as a

result of the martensitic deformatior=¢y & (ey =gy On, m is
Schmid's orientadn facto) of the specimenDL(z) =L(2)- Lg=Lo

due to the stressduced martensitic transformation:
m m .,
DR(e) :%rM =R ¢, (4.2.9)

so that the total measureelsistanceehange is the sum of physical (4.2.8)

and geometric (4.2.9) factors:

DR(e) = DRY "A &x+ DRY " ¢p. (4.2.10)

The resistance contributioDRA'(eep ¢ 0.01CRA from the elastic de-

formed residual austenite and the resistance changes due to the change in
crosssection are neglected in (4.2.9) because of their insignificance.sThis i
justified by the fact that the stresgluced martensitic transformation and

the corresponding martensitic specimen deformation take place when the
external mechanical stress hardly changes. The whole geometric factor is

only determined by the sample ¢g¢h changeDL = Lo (¢, wherebyly is

the distance between the two electrical contacts before the load. In the in-

vestigation of the mechanical hysteresis, the electrical contacts are at the
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same time thérom thetensilecompessioamachinewell-insulatedsample
grips.
How important the part of the geometric factor (4.2.9)an best be

seen from the asymmetry of the hysteresis stoﬂps)h recordedduring

the symmetrical tensioiwompression deformatiorfFig. 11 @ and of the

linear function R(e)\T without hysteresisHig. 11 b. The asymmetry aris-

es from the fact that the sign of the specimen deformaihanli—l‘ changes
0

when changing from tensiom@ex t) to compressionr{dexc) (Fig. 10):

/o DR (€)= DRY "A &+ RY "
RPR'(€) = DR A (4.2.11)

I @RS (6)=DRY A &- RY" &
The subtracting the second equation in (4.2.11) from the firstreweals

the geometric factory:

 oRMT
R . .
R'(e)- R°(e)

/ (4.2.12)

The symmetrization of the expereéntal measurement curvé%(e) and

R®(e) can be done by calculating the purely physical vaDB&e) with
the help of the geometric factor (4.2.12). Graphically, it is similaota-

tion of the deformfion axis in the direction of the tension branRh(e)
until the anglea between this axis and the both branch%%e) and

R°(e) becomes the sam€&i§. 11 b), but without correction ofhe meas-

ured values.

Somewhat surprising is the presence of a linear dependence of the elec-
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trical resistance on the deformation during the reorientation of the thermo

induced martensite polydomailﬁ)R'VI P- M7 (ea) (Fig. 11 ¢ line 2 and

10.03 ﬁj”'w Z 2: b
9.6—; & /‘r 3.6 0(

S.ZE g 0.0
E B -8
8.8
E ~3.6-
8.4 Wm —5.44

\ =7.24

-+

~

Resistance change, %
3]
ramar |
o

Voltage, mV

O N & o o
1 1, 1 1 1

8.03 L T L | B It N s e 0 1 IS i T T oo
-140  —80 -20 40 100 80 84 88 92 86 100 104 2 3 4 5 5 7 8
Strain, %

Stress, MPa Voltage, mV

Fig. 11.Resistometric measurement curves of monocrystaflioe Al - Zn ten-
sion-compression samplesrpsssectionS = 5mn? , initial distance between the

grips as electrical contactsg = 40mm, amperagel =4A):ai Rr(s®Y, bi
R(e) andci changes in the electrical resistance during the thémohaced trans-

formation DRA" M (T) (vertical lineat e=0) and in different isothermal defor-
mation pocessesanly on the tension side with exclusion of the geometric facto
through graphicsymmetrizatiop

17 ferroelastic f <My) deformationDRM - M : (etf ), 27 quasiplastict <M;)
deformation of thermdnduced martensiteDRM - IW(efq), 37 quasiplastie

. . ! p_ + .. .
pseudoelastich ; <T < A; ) deformationDR**M ™= M" (gl )y, 4i pseudoelastic

(T > A, ) deformationDRA~ M” (eh)-

during the reorientation DRM - I\"Jr(e'tf) of a martensite macro-

monodomain mixtureM~  at es =0 in a tensile martensite macro-

monodomainM ™ at ferroelastic tensile deformatiofig. 11 ¢ Line 1)
DRM M ™0 024DRAM” < DRMPM™ 0 04oDRAMY (4.2.13)

whereM P as the polyvariant polydomain martensite aid as a mixture

of two mutually oriented martensite macromonodomains are two different

martensite states.

Actually, it can be assumed that the electrical propertiesfigirehtly
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oriented martensite macromonodomains are the same, so that their reorien-

tation into one another should not result in any change in electrical re-

sistance. In thermmduced polyvariant polydomain martensit¢P, one
can still asume that the austenite remains between chaotically oriented
martensite variants, the transformation of which into monovariant marten-
site, as in the case of stresduced transformation$ig. 11 ¢ lines 3 and

4), could cause an increase in electricadistance. The only thing that

° +
changes subtructurally with reorientatioR™ - RM ' is the reduction

and disappearance of internal martensitic macromonodomain boundaries.

In all of the shownR(¢e)-lines Fig. 11 9, an increae in the linearity

DR(e)

coefficient kg = can be determined for deformations over and

above e=(5- 6)%, which indicates a change in the deformation mecha-

nism, as has already been determined in other experiments 85.2.2 [50]. Ex-

plandion of these two phenomena lies outside the CODEM presented here.
4.2 .4 Resistometry as an indirect method of phase analysis

The relationships presented in equations (4.2.4) and (4.2.5) between the
changes in the electrical resistance and the martensite fpletsan, which
generally apply to all changes measured in the-phase range, can be
used to calculation of the martensite phase fractions. However, these are

only correct if the entire sample with mass is transformed into marten-

: : : : : P :
site on cooling and into austenite on heating< mV" +mA ).

/"

M P A

If a part zg =
m +m +mslvI

5 of the martensitic phase with a mass

n12" P is switched off from the transformation, e.g. by stabilization, the
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measured changes in diécal resistance are smaller to the same part. This
allows to use such measurement methods for determination of the phase

fraction of the stabilized martensite, i.e. as an indirect kind of quantitative

phase analysis, and to calculate the phase fratz%?\ of the stabilized

martensite:

MPA
P
M =1- %, (4.2.14)
DRo
where DROM Ais the change in electrical resistance measured on the ini-

tial specimenthat has completely transformed into martendsig.(10 c,

PA . : : :
loop 1), and DF\’S'VI Alis the change in electrical resistance measured after
the partially martensitetabilization Eig. 10 ¢ loop 2.

Are such measurements after eveth thermal or deformation cycle

carried out, th martensite stabilization can be examined depending on the

cycle number:
MPA .
DR (i)

P A
DROM A

The phase fraction of the stabilized martensite determined and calculat-

MP i) =1- (4.2.15)

ed in this way reached approximate:ly "o 60% the orginal value Fig.

10 ¢ after a few ferroelastic deformati@ycles In the same way you can

: p . :
of course calculate the martensite phase fraczﬁn (i) at which the for-

ward and reverse transformations were interrupted in partial thermabkcycl
(Fig. 10 @ and the dependence of the transformation start temperatures

As(z) or Mg(2)in partial cycles on the martensite phase fraction examine
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and analyze the position of the lifig'(z) within hysteesis loog (Fig. 4).

4.3 Calorimetry
Calorimetry offers itself as the most informative investigation method

for the thermally inducefbrward andreversetransformatiorbetween the

metastable austenitd' and the mixed orientation variandd martensite

polydomainsM P. This measurement methaiéliversnot only the charac-
teristic transformation temperatures and thus the equilibrium temperature

To' (1.8) like many othersneasurement methodscluding thee already

presented above, but also important thermodynamic characteristics such as

. ‘M P :
the latent transformation heE]QAM and thugshe transformation entro-

‘M P ‘M P _ . N
py psAM” = DQA'VI /To', for the calculation of which the determination
of the locd equilibrium temperaturd’' is necessary and importarfirom
the measured and calculated data, both hysteresis loops with characteristic

transformation temperatureBig. 4) are determined and other quantitative

energetic transformatmoparameters such as the dissipated energy.
4.3.1 Calorimetric measurement curves from various SMA

Calorimetric measurement curves from the most known SMA have been
determined and are presented h@&fe SMA are precision alloys in which
the difference in comgsition of 0.1at% can lead to a shift in the character-
istic transformation temperatures upl®@C . The Cu- Al - X single crys-

tals with X1 ZnMn,Ni were selected as representatives Qi-based

SMAG with theB22 9R martensitic transformations.

In addition, intermetallicMnCu single crystals with a specific marten-
sitic transformation of the faementered cubic crystal lattice into the face

centeredtetragonal crystal latticefcc2 fct with the lattice deformation
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av =(@@- %)0 0.02>0 (c,a are lattice parametejswere investigated.

The martensitic transformatiofcc? fct at the temperaturé; in MnCu
SMAG is coupled with the paramag+aattiferromagnetid¢ransition [49] at
the Neel temperaturéy © T; and has a very narrow hysteresis. The kinds
of heat treatment oCu-basedSMAGG wee determined considering their

phase diagrams [50fnore details irg4.5.1).

Calorimetric measurement curvelid. 12 A-F) show the heat flow
hw| as a function ofhe temperaturel [ C|. The presentation of the meas-
uremerh curves is reversed, because the heat flow is measured, that is gen-
erated in a differential scanning calorimete6G7 "PERKIN ELMER" PC

serieg to compensate the heat flow created by the transformation.

I
Heat Flow, mW A g i
55 OE i\ 61 qfcc-fet=28001/kg
qu - :7400J/kg / \ qfct-fcc-:_3 100J/kg
q9R-B2 =-8500J/kg i\ B
P4 X $=6.8T/kgK
25 S:207J/kgK i< ) al 4 »777: fio - TCRRON
a b
Cu-24.7at%Al-4.7at%Ni . { Mn-15.9at%Cu
4000 6000 a000 10000 120.00 140.00 73000 14000 15000 160
Temperature (°C) Temperature (C)
Fig. 12A. Calorimetric inverted measuremeniree of exothermic forwardbft-
tom) and endothermic reversmy) transformations oCu- Al- Ni (a) and MnCu
(b) single crystals with measured and calculated data.

The latent transformation heat is responsible for the teryerdiffer-
ence between the objeand referenceamera, which is compensated by
the device. The minimum recorded during cooliR@gy( 12A a, b therefore
corresponds to the heat emission during the forward transformation (
thermic effegt i.e. the peitive transformation heat. The maximum record-
ed during the heating corresponds to the heat absorption during the reverse

transformationéndothermic effegti.e. the negative transformation heat.
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The intermetallic compounds on thiTi-basis with two and more al-
loy components represents another of the most investigated and used SMA

groups, which, with the exception ofNig 5Tig 5-Single crystal, have been

calorimetrically investigated in their polycrystalline state. The mneas
ment specimenof this SMAG svere subjected to the standard heat treat-
ment known for them [51]:05h homogenizeannealing atssoC and
guenching in cold water.

1.8at%Al, B2-R-B19'; q~**=5200J/kg
B19-R,

q®*"=-7400J/kg; S=28.2J/kg.K

20+

10}
10 =
2 2
3 E
- E p
g of g O -
w ,ﬁfi E
g 5
o) S10F
T -10{ r-B19' £ 1.8at% Al, B2-R,
20 b q***=7000J/kg
201 a B2-R i q~®2=-74000/kg
S SN . : : ——— $=24.2J/kg.K
-120 -100 -80 -60 -40 20 0O 20 40 0 5 10 15 20 4 g o

Temperature, °C Temperature (°C)

Fig. 12B.Calorimetric measurement curves and daimfB22 R2 Bl19 (a) and
B22 R (b) forward and reverse transformatsaf polycrystalline
Ni - 482at%Ti - 1.8at%Al -specimens

The crystal lattices ahe austenite anthe martensite were determined
using transmissiorelectron micoscopy TEM) and X -ray diffraction, the
orientation and block structure of single crystals using the Laue method,

and the compositions using scanning electron microscoipi/ix

The NiTi-based SMA& run through a sesgeof martensitic transfor-
mations with different crystallographic and thermodynamic characteristics.
The weltknown martensitic transformatioB22 B19 takes place in the
equiatomic polycrystalline twoomponent baseNigsTigs alloy. B19 -
martensite is an ordered phase with an orthorhombic monoclinically dis-
torted crystal lattice. Actually, it is an orthorhombic lattice structure like
Bl9(a, b, c,a=6=90, g, 90).
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The distortion arises from the fact that another martensitic transfor-
mation of theB2-austenite into the rhombohed®@Fmartensite runs paral-

lel to the B22 Bl9-transformation, i.e. accding to the scheme

B22 ERg An increase in theNi-content or the addition of some third

components, such ae and Al in small amounts, insteadf Ti, decreas-
es theR2 BI19 transformation temperatures and consequently separates
the both transformations. That allows to investigate the both transfor-

mations separatelyig. 12B a, b.

16 20
TiNi, B2-B19, single | 115.3°C .
121 q32'319=10100\]/kgg 10at% Pd, BZ—B]I_Q @)
B19-B2 1541 1;2;3.5; 10 K/min
gld =-11850J/kg qu-B19:7QOOJ/kg
S=26.3J/kg.K Al 0] **=93001kg

$=28.1J/kg.K (6K/min)

Heat Flow, mW
IS
mZl>
N
Heat Flow, mW
(62}
1

M 1 0 ——
8 f MS
a 51 b
121 105.5°C /BTy | |oT,
T T T T T T T T L T T
60 80 100 120 140 160 5 10 15 20 25 30 35
Temperature, °C Temperature, °C

Fig. 12C. Calorimetric measurement curves and data fean B19-
transformatios of a Ni - 49.9at%Ti -single crystal(a) and a
Ti - 40.0at%Ni - 10at%Pd - polycrystal at different scanning ratgs.

The sameNig 5Tig 5 SMA in asinglecrystalline state shows a transfor-
mation into maknsite with an orthorhombic crystal lattice at significantly
higher temperatures=ig. 12C g. Alloying the elementsCu, Au, Pt,Pd
insteadof Ni first causes a lowering of th822 B19 transformation
temperaturef the concentration rangeb5at%. A further increase in their
concentration leads to the formation of the purBl® orthorhombic mar-
tensite at higher temperatures. At the concentratabyeut 10at%, the
B22 B19 transformatios take place with an invariant plane.

The transformation temperature interval depends essentially [51] on the
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scanning rateHig. 12C b, so that the information on the calorimetrically
measured transformation temperas for SMAcertification without data

about their dependence on the scanning rate are pointless and misleading.

6.5at%Pt, q***°=11400J/kg 10at% Au, q*>*°=7900J/kg
q***=-14200J/kg, S=39.4J/kg.K ' q°*®2=-8300J/kg, S=23.0J/kg.K
__10F 1 S
% 0 \AK/min i g 10r
> 2
E -10} o 0
i LL
= > =
% -20 a 10K/min % -10 b
-30 | | | | | | -20 | | |
0 10 20 30 40 50 60 70 65 70 75 80 8 90

Temperature (°C) Temperature (°C)

Fig. 12D.Calorimetric measurement curves and data of complete and patr
B22 B192 B19-transformations of polycrystalline

Ti- 435at%Ni - 6.5at%Pt (a) and of partialB22 B19-transformations of
Ti - 40.0at%Ni - 10at%Au-SMAG ).

Even with other transformation sequences, the temperature ranges of
several transformation overlap and thus unresolved calorimetric peaks oc-
cur. However, it is possible to resolve these peaks in partial cyeigs (
12D a).

Several complete transformation cycles cause a lowering temperatures
of the B22 B19 transformations due to phase hardening [52, 53], which
is said to be retad to the formation of dislocations [27, 28]. The calorimet-
ric investigations showH{g. 12E b) that the transformation temperatures of
one part of the martensite increase due to the thermal cycles, while those of

the other part remain constant.

It leadsto the formation of doublets instead of single peaks in calorimet-
ric curves and proves that the martensite stabilization takes place through
thermal cycles. This fact has already been established in the AE
investigations (4.1.3)Hig. 9 @), where only40% the AE initial intensity

remains after(10- 15) thermal cycles, which proves the switch off of al-
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most 60% the phase fraction of the19 -martensite from theB22 B19-

transbrmations due to the martensite stabilization by thermal cycles.

15.3at% Pt T T T 7.9at% Pt, q°*°*=6000J/kg i
: - 10-th cycl
qBZ'Blg=llOOOJ/kg 1-st cycle cycle q**®*=-7600J/kg, S=23.9J/kg.K i
S| 9”*¥=-12200J/kg < 4l ]
€| $=29.1J/kg.K % 5
3 s .
o o 0
L 5t [
g 28 ® 21 )
o 10-th cycle s
| ~ wan i
-10 al 1-stcycle T4 b
90 100 110 120 130 140 150 'E:’lo 0 10 20
Temperature (°C) Temperature (°C)

Fig. 12E.Calorimetric measurement curves and dataBaf B19-
transformatios of polycrystallineTi - 34.7at%Ni - 15.3at%Au (a) and
Ti- 421at%Ni - 7.9at%Pt SMAG () in multiple thermal cycles.

The thermal cycles hardly affectrig. 12E b the B22 B19-

transformations with an invariant plane, i.e. with maadiadaptation of the

crystal lattices ofB2-austenite andBl9-martersite to each otherwith

minimal stresses at the cohereAtM P phase boundaries and therefore
minimal density of twin boundaries or stacking faults inside the martensite

polydomains.
4.3.2 Determination of thermodynamic parameters and hystetesps

The latent transformation heat is calculated by integrating the calorimet-

ric measurement curve over the transformation temperature interval:

M ¢
‘M P MP o
Q"M = (mydT=g"M " (T)On
X-IS and (4.3.1)
f
P A P A .
Q"= f(TydT=q" A (T)On
A.S
_QeéJu. .. :
whereq(T) = Eékgu is the specificger mass unjttransbrmation heat.
exgdu
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The deviations of the calorimetric measurement curve from the straight
baseline [Fig. 12C g correspond to the transformation temperatures drawn
with apostrophesHig. 4) and are in use as the integration limitke ther-
mal hysteresitoopsare reproduced with the help of the "Partial Area" pro-
gram integrated in the DSC, which automatically calculatedréresfor-

mation completeness any given temperatuie:

.
AMP ) :/I"H;(T)dTI y :"I\: g)
mmyari @
:'5 and (4.3.2)
MPA Ty = ?(T)d-rl _ CIMM pi.T)
T)ari ¢
As

At that, it is stronty assumed that the transformation heat is proportional to

the martensite phase fraction [54, 55].

100
90
80
70+
60
50 a
40
30+

20 Cu-15.2at% Al-
104 16.6at% Zn
single cr.

100
90
80 ,

70 S

60

50

40

30

209 cu-24.9at%Al-

\a=23.6°C 109 4.4at%Mn

e e, 0-+-single.r.
14 16 18 20 22 24 26 10 20 30 40

Temperature, °C Temperature, °C

\Mz16.8°C A=22.2°C

Martensite fraction, %
Martensite fraction, %

Fig. 13.Hysteresis loops in complete and partial cycles of the thémcheced
B22 9R-transformations ofCu- Al - 16.6at%Zzn (a) and
Cu- Al - 10.7at%Mn single crystalsh).

The complete and partial loops of the thermal hysteresis were repro-
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duced in this way for some of the investigatgiu- A)-based SMAOGS
(Figs. 13 a, b.
The transformation temperaturdsigd. 4) in both complete and partial

transformation cycles are determined by extrapolating linear sections of the

transformation trajectories to thelimit values(83.2.2).
For the fcc2 fct transformation of theMin- 15.9at%Cu single crys-
tals Fig. 14 a), the extrapolation method applies, if at all, only to the de-

termination of Mg and A transformation temperatures, since the trans-

formation trajectories hardly have any linear mexd. The equilibrium
temperature trajectory determined in partial transformation cycles corre-

sponds rather to a Brillouin functioRigy. 14 b).

100 100
90 90 43
80 80
70 70
60 60
50 50
40 40
304 304 DT, ,=3.1°C\
20 =\ 204 N\

MnCu, fce-fet] ]
12: gEgL o M=150°C A §2-5°C lg MnCu, foc—fet, pm-—aim :

135 140 145 150 155 160 165 170 150 155 160

Temperature, °C Temperature, °C

Martensite fraction, %
Martensite fraction, %

Fig. 14.Hysteresis loops in complete and partial cycles of the thémchaced
fcc2 fct-trarsformations of theMin- 15.9at%Cu single crystalsg) with the

equilibrium temperature trajectofly'(z) in the form of a Brillouin functionk
bold line).

The hysteresis loops of the therimoluced martensitic transformations

of TigsNig 5 poly- andsinglecrystals were determined and analyzed in the

same way Figs. 15 a, . The essential differences found between the calo-
rimetrically determined transformation parameters were so surprising that

the composition accordae of the both had to be checked and confirmed
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by the SEManalysis. The change in transformation frag2 2 ER’g in

Nig 5Tig 5-polycrystals toB22 B19 in NigsTig 5 Single crystals has been
established fothe first time by calorimetric investigations [9, 11].

In the case of partial transformation cyclesc(c.denotesinterruption
of the forward transformationat z; and heating overT =const> A¢,
p.c.h denotesinterruption of the reverse transformation g1- z) and
cooling underT =const< M ;) of the NiggTig5-polycrystals, adoublet
appears in the calorimetric measurement curvelBlof- B2 and R- B2
revase transformations already @t <0.8. That also causes the dents in

the reverse transformation trajectories in partial hysteresis |6ansl6a).

_MFE45.1°C 9xe°d\ DT, ,=34°C 100;- 9CASI0RI°C P =6°C
<) et DS=80J/K.kg 90 DS=26.3J/K kg

\\ w,=27203/kg 807

-\¢=2780031kg 701
\ 607
507

w,==157.8J/kg
q=10100J/kg

Martensite fraction, %
ey
o

Martensite fraction, %

1 A 01
304 a XN 307
20 \ i 201
10 Ni-50.at%Ti 1 Ni-49.9at%Ti =116.0°C|
0+ : . R 107 . .
o polycr. M 560° B 0 single cr.' M =110.',
40 50 60 70 80 % 100 100 105 110 115 120

Temperature, °C Temperature, °C

Fig. 15.Hysteresis loops in complete and partial cycles of the themchaced
B22 %19. -transformations oiNi - 50.0at%oTi -polycrystals &) and of

B22 Bl9-transformations of @Ni- 49.9at%Ti single crystallg) with the
corresponding thermodynamic data.

The transformation temperatures determinexfthe hysteresis loops

are used to determine the equilibrium temperatdg& =0) [11, 14] or

equilibrium temperature trajectories:

To'(2) = MS(Z); A3 (4.3.3)

The equilibrium temperature trajectories can deviate far aveay $traight
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lines and show very different cours&€sgs. 16 a, b.

With the determined equilibrium temperaturgs(z=0), the transfor-

mation entropies can finally be calculated asaweragevalue between the

forwards and reverse transformagit entropies [11, 14]:

AMP | MPA
e J o . ik
S Dsg——,° , (4.3.4)
ekg X (] 2T
S 5
o 2
2 g
o &
3 3
= =
0,0 i
-5 0 5 10 15 20
Temperature (°C) Temperature (°C)

Fig. 16.Hysteresis loops in complete and partial cycles of the thémchaced
R2 B19-transformations olNi- 48.2at%Ti - 1.8at%Al (a) and B22 B19-
transformatbns of Ti - 42.1at%Ni - 7.9at%Pt (b) polycrystals with split and
differently curved equilibrium temperature trajectorig¥z) .

With the help of the transformation entropy determined in (4.3.4), all
important parameters of the thermal hys$e&s can be calculated in their
energetic form, such as for example the energy of the phase boundaries
treated in 83.2.1 as the energy barrier (3.2.4), (3.2.6) for the formation of

first martensite polydomains:
UMY = (To- M) (Ds = 4230 / kg (4.3.5)
S

for the R- B19-transformation Figs. 12B aand 16 @ or the specific
elastic energy of the phase boundaries introduced in 83.2.2 (3.2.13)

(3.2.19):
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e A'M P AM P
Ke| = % =4 l =3500J / kg (4.3.6)

for the case%zo for B2- R with latent transformationheat
Z

q”M® = 70003 /kg (Fig. 43 b.

The equilibrium temperature used for the calculations is defined in
(4.3.3). Other parameters can now also be introduced and calculated in

their energetic form.

4.3.3 Energetic paameters of the thermal hysteresis

It makes sense to describe the negative trajectory sgépeo of the

thermainduced transformations as a positive energetic thermoelasticity
coefficient for the forward and reverse transformations [1]Lfdk4he pur-
pose of the direct and uniform comparability of thermal and mechanical

hysteresis properties wittachanother:

AMP _ 1
KEMP = 2 (Mg - M s
2 and (4.3.7)

7R =y a )

The equations (4.3.7) basically describe the elastic energies dissipated dur-

ing the transformations. It applies to a symmetrical hysteresis loop

1 P P Ar
KAMP _ MPA

The main characteristic of the thermal hysteresis loop is its area in

Ds- T-coordinates, which in general represents the enw&;dissipated

in a closed transformation cycle:
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el o
Eek = DsDTys. (4.3.8)

gu
In order to recognize the dissipation mechanisms, one should investigate

the hysteresis interior in partial transformation cycles in more detail. Such
investigations sbw [11, 14, 15] that within the main hysteresis loops most-
ly the one in 83.2.2, Eq. (3.2.19) calculated splitting of the equilibrium
temperature trajectoryp'(2) in two starting temperature linéd 4(z) for

the forward trasformation andAg for the reverse transformatiotakes
place Figs. 13 b; 15 a; 16 a, bnd43 b).
An idealized hysteresis loop can be represented by two linearly extrapo-

lated transformation trajectories and the internal latent hysteogstwo

linearly extrapolated lined (0) and Ag(O) . The total area afuch an ide-

alized hysteresis loop is then calculated in simplified form as the sum of
two right triangle areas and af square area as the disdgal energy de-

pending on the martensite phase fraction in partial transformation cycles:

=k AMP L MPA L (4.3.9)

' P P A
where kaM ,kTM A

are the energetic thermoelastic coefficients of the
forward and reverse ransformations introduced above and
k- =[A4(0) - M4(0)]¢Ds the energy dissipated within the latent hysteresis
if available.

The dependence of the dissipated energy on the martensite phase frac-
tion is determined by the valued these coefficients in partial transfor-

mations cycles:

M P )_—c[nM (0)- M¢ (z)|@ds@=kEM A &2 (4.3.10)
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KMPA () =%c’[>Af (z)- A0)]cxiDscr=kM "A a2, (4.3.11)

K- (2) =[A(0) - Mg(0)]DsCr =K} & . (4.3.12)
The full dissipated energy as a functionzotonsists in a simplified form

: : M P P :
(symmetrical hysteresis IoobTAM =kTM Al kr) of a parabolic term

and a linear term:
WD(Z) = kT Q+ kT Q. (4.3.13)

At transbrmations with a narrow hysteresis, i.e. with small elastic ener-

gy of the coheren’A M P phase boundaries and a small stacking fault den-
sity in martensite polydomains asthe transformations with an invariant
plane, only one equilibriurtemperature trajectory is observddgs. 13 a

and 15 b), at which the starting temperatures of both the forward and re-

verse transformations are in partial cyclgg(z) =Mg(2) = A;(2). Two

equilibrium temperature trajectories, which bualdinternal laent hystere-
sis loop, exhibit different shapes from two parallel straight lifégs( 15 a
and 43 b) to curves with different curvaturebi¢. 16 a, h and different
inclinations Figs. 13 a, band 15 b) to the temperature axis.

The slopes of the internahes w and % as show the theo-

z z

retical treatment in 83.2.2 and the calorimetric experiments with partial
transformation cycles, can be positiidgs. 13 a, band 15 a), negative
(Fig. 15 b or close to zeroHigs. 16 b, 15 b, 43  which indicates various
dissipation mechanisms associated with the elastic energy redistribution

between the both phases during the transformation.
The calorimetric results for the investigated SidA&an be summarized
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as follows:

1. The (Cu- Al)-based SMA& have similar valuesf the latent transfor-

mation heat and the transformation entropy, but very different vafues
the thermoelasticity coefficient and the dissipated energy. These param-
eters for thefcc? fct-transformation ofMnCu-SMAG differ funda-

mentally in that. They have much lower valwdsthermodynamic pa-
rameters than those for tli€u- Al)-based SM&s.

2. The thermodynamic parametersiiiTi-based SMA&s build a wide val-
ue spectrum from values similar to those (@u- Al)-based SMA&s

such as parameter a22 Bi19-transformations ofNiTi single crys-
tals, of B22 Bl9-transformations withnvariant planespf B22 R-
transformations up to very large latent heat valoethe B22 19j-
transformations.

The first group has a narrower hysteresis and less dissipatey ¢man
the second group. ThRr2 B19-transformations have small lateians-
formation heat and transformation entropy, as in the first group, but the
broadest hysteresis afiike dissipated energy as thoke the B22 B19 -

transformations.

. ' p ! ] ' m
The latent transformation hegf™™ "~ =u” - uM" =pyAM +Ugt

arises from the diérence in the internal energies of the transforming phas-
es Fig. 1 a, B, which consist of phonon, electron and stacking fault ener-

giesUg: . So,it canbe concludel from the measured valuésat the B19; -

martensite has the smallest internal energy in comparison taihe
martensite with invariant plane and in singlgstalline NiTi-SMAG as
well as to theR-martensite. The energetic relationships among the in-

volved martensite phases can be represented in the follsetngence

UB2 >y R(B2) 2 yBIA) 5y B9 5 yBIIR) L yBII(BD) (4 3 14
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A A MPQ
_a8lF —dF Qistobe un-

P
The transformation entro SAM =
Py é@dT dT @

derstood as thslops difference. This means that the greater the transfor-

M P
_ '™ P F P .
mation entropyDSA'VI , the smaller the slopng =sM" Interaction

: _ ‘M P
of the transformation enthalpy and transformation entrBByAM deter-
mines the podibn of the equilibrium temperature and thus, taking into ac-

count the dissipated energy, the characteristic transformation temperatures.

. . - . '\ P
Differences in the specific latent transformation heﬁsM and the

transformation entropieﬁ)s'a"'vI P indicate the greatestymmetryvicinity

of the crystal lattices of the both phases, i.e. the greatest overlap between
their symmetry groups. This means a madiadjustment of the crystal
lattice at the phase boundaries and, accordinglyinanmam stacking fault
density in martensite polydomains due to the malidegree of accommo-
dation, and as a consequence malifmysteresis and higher equilibrium
temperaturesHigs. 1 a, ) or the characteristic transformation tempera-

tures. This is proveby the results for the near ten? order (fcc@ fct)-

transformation, the 822 B19)-transformation with invariant planes and

in NiTi single crystals.

4.4 Dilatometry
At first appearance, dilatometry does notai¢ for the investigation of

SMAG, since the crystallographic changasthe martensitic transfor-

mations do not lead to awplumechange ‘(/A o yM ) or to anychangen
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the thermal volume expansion coeffic:ieraet\'f(0 a\'>/'). Unless a SMA

sample is praleformed and textured ononodomainized56-58], i.e. was
mechanically prestresed [57] or trained for the twaray memory effect

prior to the measurements.

However, in a dilatometer it is not volume changes, but length changes

DL(T)

Lo

that are measured and

from the temperatur®L(T) or dilation gy =

the coefficients of linear thermal expansion are calculated:

a=1 &), de(T) (4.4.1)
Lo dT dT

Dilatometry offers unique possibilities to measaral to analyze specific
characteristics of SM& especially in its singlerystalline form such as

the accommodation degree and the elasticity module softening [58].
4.4.1 Relationship between entropy and thermal expansion

Coefficient of thermal expansias related to other fundamental proper-
ties and characteristics of a solid. Measurements of the thermal expansion
coefficient can therefore provide additional information about these charac-

teristics.

Since the mixed derivatives of the thermodynamic poteft(@l, p) :
A2E 0 AUSH A2F 0 83UV & "
aﬁg:-%% andae‘igzav8 =V Gy (4.4.2)
TP cHpy BT 2 cHT +p

are identical, there is an important relationship between the thermal expan-

sion coefficientay and the pressure dependence of the entropy:

o ~

%‘E =V Gy . (4.4.3)
(;, o

_‘O

80



In the case of anisotropic solids, which mainly include crystals with low
symmetry, linear characteristics of the thermal expansion should be intro-
duced that are valid in different axial directions of the crystal lattice. Th
volume change with a temperature or stress change is represented by a di-

mensionless expansion:

R

alL

eT,s)? In%bg Inéﬁ—o

where L is crystal length in one direction.

, (4.4.4)

I ODOI

If a crystal is notoadedby a hydrostatic presure but by a uniaxial me-

chanical stress; in any directionj (], i), the reaction of the crystal to

this effect is described by a compressibility coefﬁd:iéfij in its tensor

form:
dye 0
ki =290 (4.4.5)
6@51 “T,s'
For small tensiongr{ the elastic rangethe following applies:
S=k& ors=k1E clF, (4.4.6)

wherect k1 is the elasticity tensoibth ae second order tensarsin
this consideration, equation (4.4.3) is used in connection witltdbéi-

cientsof linearthermalexpansion:

1akig (4.4.7)

LI QUT—

as the stress dependency of the entropy rewritten:
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ai=l<%]”§’§ , (4.4.8)
€ ¢l s

where s ' are all other excepsj possible tensor components denote the

mechanical stress in different directions.
4.4.2 Elasticity modulus and thermal expansion

In the theoretical treats[58] the relationship between the linear thermal

expansion coefficient and the temperature coefficient of the elasticity mod-

ulus 3—(T3 was clarified. The elastic properties of a solid reflect the interac-

tion of atomsthat build the crystl lattice ofthis body. The interaction is
represented by a model potential in the form that corresponds most closely
to experimentally measured valussthat best describes them and their be-

havior. One of the most widely used forms of model potential is:

U(r):—-%, m>n; a,b>0, (4.4.9)
known bym=12, n=6 as the Lenardonesotential.

From the equilibrium condition at=ry, where the potential (4.4.9) has

a minimum:
, _am  bn _
U (ro)—-m‘km—o, (4410)
o o
1

Aamom- I
we get thevalue for rg :%%8m " so that the equilibrium values the
g -

potential and all its derivatives r =ry can be calculated as follows:

a(l- %)

U(ro) = <0, (4.4.11)

o
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- k ~ ~
U (1) = ED 6™ |Gk Tm+i) - oik_'ol(n+i)L (ro) =
I nN-m a a
0 ,(4.4.12)
= (- Dk () &1
o)
where K (k) is a constant aabination of numbers for each derivative.

The model potential and its derivatives can now be represented in the

vicinity of rg by the equilibrium valueU (rg) with the help of the Taylor

series:

U(r) =U (1) + SUi(r0) A - 10)2 + ZUii(ro) i - 10)° +...
Ui(r) =Ui(ro) Gr - rp) +Uii(ro) Gr - 19)? +...° Ui(rg) Gr - 1p) (4.4.13)
Ui(r) =Uii(ro) +Uii(ro) A - 1) + 2UJi(r - 19)* +...° Ui(rg) +Ui(ro) &r - ro)

The potential rushes into the infinity with the approach of atoms in the
arear <rg where the interatomic repulsive forces predominate. In the area
r >rg, the forces of attraction between atoms predominate, whjatily

weaken as the distance between the atoms increases, so that the potential at

r > > approaches zero.

The same potential describes the elastic deformation of a solid in the vi-
cinity of ro, where its shape is stillate to parabolisymmetrical one,
while its asymmetry gnharmonicity is the cause of thermal expansion.
This allows elastic characteristics to be related to those of thermal expan-

sion.

The elasticity modulusG can be determined from ddke's law

s=G@&G =SE and the form of the potentiU(r) (4.4.9), if the defor-

mation is represented through the interatomic distances befaed after

r the Iload due to the externalstress s as the force
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=- gradU(r) =-U'(r) acting on an attack surfagk= r02:

F =t Y0 4a1a
o A 2 r-rg Ig

From (4.4.14), taking equation (4.4.13) into account, one gets the pro-
portionality of the equilibrium elastic moduliGg at absolute zerT =0K
(without heat oscillationsr =rg =const) and the elastic modultG at a
temperaturel to the seond derivative of the potential:

Go G(rp) =—10) and G+ 6(r) =
0

Now the change in thelasticitymodulus with the temperature rise from

U+m (4.4.15)

zero to the temperatufg and thus its relationship with the diar thermal
expansion can be calculated using the second derivative of the model po-

tential (4.4.9) and taking into account (4.4.13) as follows:

G- Go V) )= KK=Idr-T0) - uer,  (44.16)

Go U ”(ro) K(k = 2) o
whereky = Kk=3) IS.
K(k=2)

Differentiation of equation (4.4.16pver emperatureevealsthe rela-
tionship between the temperature coeﬁici3—$ of the elasticity module

and thecoefficient of linear thermal expansia :

kit 4G
Gy dT

(4.4.17)

The coefficientof linear thermal expansion is therefore one of the fun-
damental characteristics of a solid. Its behavior allows certain conclusions
about the other internal parameters such as entropy or elasticity modulus at
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changes in the intensive state variabtesnpeature, stresg. On the other
hand, analysis of other known transformation characteristics altows

makecertain predictions about linear thermal expansion.

So, if the temperature dependence of the elasticity modulus in the pre-
martensitic temperature ramghows an abnormal behavior that is directly

related to changes in the atomic interaction poteU (r), such as its sof-

teningj—?2 0, it can be recognized by the signt O of the coefficientof

thermalexpansion in dilation measurements.

Since the theoretical analysis above does not refer in any way t@gsSMA
its conclusions apply to all metallic alloys whose elasticity behavior can be
described by the Lenatbnson potential (4.4.9). So, the followiggneral

statement is valid from (4.4.17): If an alloy exhibits the invar behavior
a =0 in a temperature range, the elinvar beha%ré?rzo can also be ex-

pected in the same temperature range.
4.4.3 Length danges in twephase temerature range

The aim of the dilatometric investigations of SESAis not actually to
determine the thermal expansion coefficients of the pure austenite and mar-
tensite phases per se, and if so, then only in the vicinity of transformation
temperatures in ew of the relationships with other parameters considered
above. The main focus is on the dilation behavior of /A the tempera-

ture ranges of the martensitic forward and reverse transformations.

Various SMAspecimengTable 1) were investigated dilatortrecally
for this purpose. The martensitic transformations of these 8MAve al-
ready been described in 84.3.1. All dilatometsigecimenshad plan
parallel polished endings. All single crystals were grown according to the
85



Bridgman method and only th€u- 24.7at%Al - 4.7at%Ni single crys-
tals according to the Chochralsky method.

Table 1 Composition &t%), crystalline state, transformati@md, specimeriongi-
tudinal axis orientation and the initial length of the investigapedimens

no.| crystalline [transformatiof Cu| Al | Zn | Mn | Ni | Ti ||hki], | Lo,
state kind mm
1[single B22 9R 68.0(15.0[160]— |— |— |100 |96
2 single* B22 OR 68.6(20.7|— |10.7 [— |— |110 |95
3[single B22 OR 70.7 (249~ | — |44 |— 110 |96
4| single*(rod) | B22 9R 706 (247]— |— |47|— |110 [143
5|single fzka fzt 159 (-~ |- [841|-- |- |100 |9,6
6| Poly B2a B19j |— |— |— |— |498502[— 9,6
7| Pol " [— [— [— |— |50.5[49.5]— 13,0

y Bza ig

R

* Single crystal with a developed block structure
** Czochralski method

The specimen length changes were measured in the temperature range

(- 100- +300) C at different cooling and heating ratesdnning ratgkept

constant during each rmkladosmeter esmgthet i
low-temperature measuag element. A horizontal tube furnace pushed over

it with a jacket that could be cooled by the liquid nitrogen made it possible
to change the temperature of the entire measuring cell with the specimen
holder. The thermocouple was placed directly on théase of the test
sample, with good thermal contact being ensured by a thermal paste. The
thermal expansion coefficients was calculated from the measurement data

using the "Thermal Analysissoftware integrated in the dilatometer.

All experimentallymeasued and calculad valuesare summarized in
Table 2 for all investigated SMA. The columns in Table 2 contain abso-

lute elongationddL =L - Ly in pm as well as relative elongations of spec-

DL
imens (lilation) &y :GOOO% and coefficients of linear érmal expan-
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o : - . p :
sion in pure austenltea(A) and martensite phasea'Y‘ ) as well as in

. ‘M P
two-phase temperature ranges during the forwa?é\'\f ) and reverse

Pa :
(aM A) transformations.

Table 2 Length changéum), dilation (%) and coefficients of the linear thermal ex-
pansion in austenitic, martensitic and {pliase states

no. | DL | 4 [a”~ac® AAMP A aMP Acf | aMPA AP | AH | ka
1: +3,7/+0,04 18,0 -170 7,0 -240| 0,7{ 0,994
-1,7( -0,03 +130 +100( 1,3( 0,996
2 -120,0| -1,26 24,0 1490 24,0 2950 0,5|0,750
3 +60,0|+0,63 18,0 -380 0,0 -380| 1,0| 0,840
4 +22,0/+0,15 5,0 -1180 13,0 -1050| 1,1| 0,960
5 -48,0| -0,50 45.0 510 40,0 430( 1,2|0,750
6 -15,0( -0,16 8,0 210 8,0 190| 1,1/ 0,970
7.
B19 | +2,4/+0,02 25,0 -22 12,0 -30| 0,7( 0,997
R | +4,0[+0,03 -- 10,0 -210| --10,990

The valuesn the twephase temperature ranges reflect the kinetic char-
acteristics of the transformation rather than the thermal expansion -of two
phase mixtures. One speaks here of transformation or deformation velocity,

because:

'\ P '\ P PA '\ P
aAM _deAM deM A_éAM

Har  Foit MPA

where # is constant scanning rate geogrammed for each measurement

= (4.4.18)
aM A

and

g P P Al
éA'Mp/MpA‘:iéiDLAM /M PA

Lo

dt

is the length change velocity during the transformation.

Different valuesa

A'M P

and a
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also indicate asymmetry of the

(4.4.19)



hysteresis loops. So, a quantitative dimensionless degree of the hysteresis
loop asymmetry can be introduced:

" P
aAM

Ay = : (4.4.20)

P Al
aMA

The hysteresis loop is ideally symmetrical &t =1. The degree of

asymmetry calculated in this way are also introduced in Table 2 and show
that only the hysteresis loop of specimen 3 is symmetrical. Most of the oth-
er hysteresis loops are asymmetrical, with both cédges 1 (specimend,

2, 7), i.e. the forward transformation is slower than the reverse transfor-

mation, andAy >1 (specimend, 5, § with reverse behavior.

The measured and calculated parameters such as the length change and
the coefficient ofinear thermal expansion differ not only in terms of their
values, as can be seen from Table 2 and the gr&ns (7and 18), but
also in terms of their signs.

The sign shows whether a shorteningDL, +a) or lengthening
(+DL, - a) of a specimen takes place during the transformation. In the

two-phase temperature ranges of the martensitic forward and reverse trans-
formations, the same additive typhase rule as in (1.5) applies to the ex-

pansion coefficient:

1 p P Ar » ' L p
afMPIMEA — - @A +zaM " (4.4.21)

This means that if the expansion coefficients of the austenite and the mar-

1 p p'
aAI\/I IMFA

_ : p : -
tensite are the same?f‘ o oM : :aA), no deviations of

the dilation measurement curve from its linear trabk £a GyQ ) are

recorded in the temperature ranges of the martensitic transformations.
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Fig. 17.Typical dilatograms for theGQu- Al)-based SMAG6s and
. . .. AMP/MPA ,. .
linear expansion coefficients (right) in the twephase temperature
ranges.

The deviations in the form of a transformation hysteresis 16ap (7
and 18) are only registered in the dilatometer if a famtommodated mar-
tensitic deformation (3.2.1) is present as a resulting spontaneous epecim

deformation dilation) in the direction of its longitudinal axis during the
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transformations:

ey =eM’ :% = g (L- ky) C2 (4.4.22)

where g\ is the primary martensitic lattice deformatidfid. 2 b), kg is

the @commodation degree an#=cosx@osz ist he Schmi dds or i

factor.

The accommodation degreég can be determined experimentally from

dilation measurements as follows:

Ky = (L- “E'A—d‘), (4.4.23)
€max

where E'Max is the maximal martensitic deformation determined experi-

mentally, e.g. from thés - ¢)-diagrams of the pseudoelastic deformation
(Fig. 20 9.
The accommodatiodegree(4.4.23) calculated by the dilatiogy is a re-

sult of theboth structuralcrystallographi¢ and morphological accommo-
datiors, the individual contributions of which cannot be distinguished dila-
tometrically. Nevertheless, their effects can be analyzed in view dflthe

tion magnitudeand the sign of the thermal expansion coefficient. The
number of secondary invariant displacements of atomic planes in a marten-
site polydomainKig. 2 b), which lead to the formation of internal twins

(Fig. 2 c, 9, is a priori dependent on the mechahgtzear stresg =s Qr.

acting on the martensite macromonodomain in the shear plane.

The stresss is the mechanical external stress acting along the longitu-
dinal specimeraxis or the internal stress acting on a martepsitgdomain
from its surroundings along the longitudisplecimeraxis.
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Fig. 18.Typical dilatograms for thBliTi - and MnCu-SMAs and the corresponding
(right) coefficientsof thelinearthermalexpansionn the twephase temperature ran(
es [58].

The angle between the longitudinal axisaginglecrystallinespecimen
and the normal to the shear plandesignatedn Schmids orientation fac-

tor (4.4.22) asc and the angle between trengitudinalspecimeraxis and
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the shear direction as. The shear stresg =%s = max 1S Mmaximal at

x=z=F,
4

The behavior of the coefficient of linear thermal expansion irpghase

AMP/MPA temgerature ranges is dominated by the parameters of the
martensite phase involved in (4.4.22) and not determined by the conven-
tional coefficients of the linear thermal expansiorthedf austenite andhe
martensite (4.4.21):

' p P A .. ..dZ .. .

which enables the understanding and analysis of the dilatation effects ex-

perimentally measured in these ranges.
4.4.4 Crystallographic analysis of the transformation dilation
If the stacking fault or twin density, which determine the accommoda-

tion degree in 4.4.23), remains constar%%:cg_kac‘;dd_;:o during the
z

transformation0< z<1 the sign of the thermal expansion coefficient is
determined by the first term in (4.4.24). Here agp_%<0, (1- ky) >0 al-

ways, tha:

' P P A
1. The casea™ /"M A" 50 (Fig. 17, Cu- Al- Mn, B22 9R,
(110)) only occurs if m<0 or cosx<0 (270 >x>90) and
cosz >0 (90 >z >270) or vice versa,

g P P A

2. The casea™M " '"M"A <0 (Fig. 17c, Cu- Al- Ni, B22 OR,
(110)) only occurs if n7>0 or cosx>0 (270 <x<90) and
cosz <0 (90 <z <270) or vice versa.
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: . MP/MPA L :
3. If the expansion coefficier XM " /M A changes its sign during the

transformation Fig. 17a, Cu- Al- Zn, B22 9R, (100)), this
means that either the battrms in (4.4.24) are involvednd the twin

density changes during the transformatio%he(, 0) or that it
z

switches on another transformation thB22 9R by the increasing
internal stresses in the austenite matrix

The fird two cases occur with the same probability if there are no orientat-

ing internal or external stresses.

It is obvious that the purely physical entropy and elasticity effects dis-
cussed aboveemainaccording to their valuan background othe length
changescaused by transformation and accommodation related length
changes of the additive thermal expansion coefficient in theptvase
temperature range and only become effective when the accommodation is

close to perfectk; © 1).

: MP/MPA
It follows from equation (4.4.24) that the cagé™ ""MTA —0 occurs

whenky =1 or m=0 (2 :%), I.e. all martensite polydomains are oriented

perpendicular to the longitudingpecimeraxisand % =0. The condition

kg =1 means that the number of positive and negative twin variards- (

tensite micromonodonmas) and their thicknesds=(g. 2 b) are the same, and
the condition%:o means that the stacking fault diynsng within

martensite polydomains and thus the accommodation ddgreemain

constant during the transformation.

The contributionof the coefficientsof thetrue linear thermal expansion

. 'MP/MPA
of SMAG s -phasetempeeature mm)géAM IMTA (4.4.24) can-
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not be neglected in dilation measurements if it is also in the elastic defor-

mation range €y <ey °15%). Its value is 500020 °k"1 even at

DL
ey =05% or — =0,005 in the temperature range of the martensitic

transformation aboutO C, while the conventional expansion coefficient

is, e.g. forCu, only 17Q0 6k-1.

Fig. 19 a1 a single martensite polydomain with internal twin$, a martensite
plate fused together from two martensite polydomaiisa complex fused togethe
from several martensite polydomains [9, 14]. Electron difibactrom the twinning
ratio of two grown together martensite polydomains (b), foil surtat§gr (d).

The contributions to dilation considered above are based primarily on
the formation of twins in martensite polydomaifsg( 19 @ as aresult of
the structural accommodation. The second, morphological accommodation

occurrences through the elastic interaction and the coalescence of different-
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ly oriented martensite polydomairfsigs. 19 b, c,

Through coalescence, each single martemmtgdomain is relieved of

the internal stresses that arise at the phase boundaries, és'M/\Po
phase boundaries are transformadnihilated into a one internal marten-
sitic M PM P boundarie with smaller elastic stres§8<.9), thereby mak-

ing it possible to reduce the twin density within single martensite polydo-

mains.

Table 3 summarizes all the contributions to the dilation in the direction

of the <110> B2 axis as projections of the shear deformationslipadsible

shear systems on this axis, which form the 12 different orientation variants

of martensite polydomains.

It can be understood from Table 3 how occurs negative or positive de-

formation of a single crystalline specimen in the direct{p0),,, and

how takes place complete or partial accommodation of the martensitic lat-

tice deformationgy, within the entire specimen volume due to the elastic

interaction and the coalescence of differently oriented martensite polydo-
mains. Figurel9 bshows, e.g., a martensite plate consisting of two merged

martensite poly domains.

The shear system@01)101) and (101)(101) in both martensite poly-

domains are perpendicular to each other, so that their sheamdgtors

+0.59\y and - 0.5gy compensate each other at the comnéPM P_

boundary as the habitus plane of the resulting martensite plate.

All of the transformation specifics discussed above, including the heat

effects and accommodation processes, determine the transformation kinet-
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ics, which do not necessarily have to be athermal and in that sense ther-
moel astic. The velocity of the mart el
fore much lower than the sound velocityté classic explosive martensit-

ic transformation in steels when they are quenched.

Table 3. Contributions to dilation in the direction of tkel 10> -axis of dis-
placements in 12 possible shear systems

Shearplane (110) [ (1100 [@110) |(ZI0) [@0) |(10J)
Shear direc <110>|<110>|<110>|<110>|<101> |<101>
tion
Deformation

in direction | + gy, - oM 0 0 +0.59\ | - 0.59\
<110>

Table 3. Continuation

Shearplane | (107) |(101 [(01) |(01) |(011) |(011)
Shear direc <101> |<101> |<011> [<011>|<011>|<011>
tion

Deformatian

in direction +0.5g|\/| - 05g|\/| +O.5g|v| - 05g|v| +0.5g|\/| - 05g|\/|
<110>

The accommodation processes relax &l P phase boundies below
the yield pointof the true plastideformation andhereby preserve their
coherence and mobility. This is the basis of the unique memory effects in
SMAG .s
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4.5 Mechanical hysteresis
4.5.1 Quasiplasticity, ferreand pseudoelasticity

The investigatia of the ferroelastic hysteresis on single crystals is ex-
tremely informative for understanding of SMahavior. In this case, nu-
cleation, latent transformation heat and the effects of crystalline and phase
boundaries are excluded. The behavior of a Sdg&imenin the com-
pletely martensitic state undex uniaxial cyclic tensiorcompression load
IS, in contrast toduasiplasticity and for the reasons explained below, de-

scribed with a special ternfiefroelasticity’.

Uniaxial tensile loadst on a SMAspecimen at a constant test temper-

aturein the martensititemperature rang€ <M ; = const leads to macro-

scopic deformatiorfq after reaching criticalquasiplastic yieldigdexqy)

: P : . :
point s('qv'y (Fig. 20 a). This deformation is irreversible at the test tempera-

ture, i.e.it retainsafter the load removing and the elastic deformation re-
versing, similar to thérue plasticdeformation This behavior is therefore

called "quasiplastity”, and the deformation itself is called "quasiplastic".

The SMAspecimenremains in this quasiplastically deformed state be-
cause martensite as a deformation carrier is stable at temperatures below

the equilibrium temperatusel’ <Tp'<Tg bothin its monodomain and in its

polydomain stateHigs. 1 a, . When heated above the temperatamge

(As- As)>Ty', the martensitic reverse transformation of the

(M™ + M P)-martensite takes place, which is partially monodomainized

by uniaxial tensile stress, into metastable auste(itd™ +M P)- A

The quasiplastic martensitic deformation is returned by disappearance of
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the deformation carrier. This khown aghe oneway memory effect [13].

100f 1301 i
Stress, MPa Stress, MPa // Stress,MPa
R

50

|

0 20 40 60 80 - T— T T
Strain, % Strain, % . > s 06/ :
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Fig. 20.Quasiplastic defanation of aCu- 134at%Al - 4.0at%Ni - (100) sin-
gle crystal in a martensitic stalfe< My <Ty' (a), mixed deformation of the sam
single crystal in the twgphase temperature rangd 1 <T < A (b), and pseudo-
elastic déormation of aCu- 15.2at%Al - 16.6at%Zn- (100 single crystal in an
austenitic statd > A¢ >Ty' (C).

The oneway memory effect can be better illustrated using the scheme in
Figure 2 athesecond levgl If a martensite polydonmaas the end product

of the stresdree thermeinduced martensitic transformation is loaded by

- P mr . : :
sufficient externaistresss('qv)', <S5t < s('q\gl, , the quasplastic deformation

of the polydomain martensite take place. The designations are used in that
stress region:sg"yIO for the yield point of the quasiplastic deformation

shown in Figure 2@ as the intersection of the extrapolated elasticity and
m

flow lines, andsi\,’I for the yield point of thdrue plastic deformation of

the martensite monodomainized by the tensile sggss

The quasiplastianartensiticdeformationoccursby the movement of
partial dislocations that leado the reorientation of twin variants in each

martensite polydomain. Thdeformdion can therefore bdefinedby a re-

orientation facto0 ¢ r,, =(1- 7, ) ¢1:
eq(s)t ey =y (s)Omyy, . (4.5.1)

The definition is based on the similarity with the accommodation degree in
98



(4.4.23), whichdetermineghe dilation.

The oneway me mory ef fect t hat oshapgi nal |
memory 1 S one o fknowrhand theonwdst spactadular in the
whole spectrum of memory effects: A heavily deformed mspa&cimen
recovers itanitially shape when it is insignificantly heatechid effect is
most investigated experimentally and applied practicélppéndix ) [59-
62].

The problem with the application of the shape memory effelele) is
due to i1Its wunigueneswayoi.. el.n tthhee asdudb
cooling-heating cycls, there are no morghapechangesIn order toen-
force suchshapechange into recurrerdction cycles, its lowtemperature
shape must be restored by renewed quasiplastic deformation of the marten-
site. For this purpose, the memory element is coupled wiasaelement,
the counterforce of which ensures this martensite deformation during cool-
ing [63-65].

The same effect is achieved when a constant I%{zNJ] (weigh) is at-
tached to a memory elemeirid. 21 8. The memory element then chang-
es its shape reversibat thecyclical temperature changes: It takes its-low

temperature shape duritige cooling below thdocal equilibrium tempera-

ture T <Tp' by the transformation of the metastable austenite into the mar-

tensite monodomaized under the constant tensile lo&ig( 2 a, first lev-
el, first step, and it takes its original higtemperature shape during the

heating above thecal equilibrium temperaturd >Ty' by reverse mar-

tensitic transformation with incasng the restoring forceHigs. 21b).

The rcoveling the original hightemperature shape happens against the

external loadP, so that a mechanical work is done:
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AT) _
m

a(T) = P®L(T) _

@q(r) (4.5.2)

el
where ag
ekg

S is gecific (per mass unjt work, SlmZJ, Lo[m], Volm3l,
u

rlkg On’ 3J and DL[m] are crosssection, initial length, initial volume, den-

sity and reversible length change of the memasyneint.
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Fig. 21.1sostress § = cons)) -isothermal { = const) forward and reverse trans-
formations of aCu- 132at%Al - 16.6a2%Zn- (100 single crystal ) under con-

stant load P =20N), cooling ancheating of a clampedsgl =const)
Cu- 24.7at%Al - 4.7az%Ni-(100) -single crystalif).

The oneway memory effect can therefore be defined thermodynamical-
ly as a temperaturdependentecoveryof the quasiplastic deformation of a
the

T<(Mg- M¢)<To' by an external stress or by a constant load, if it is

SMA-specimen which was generated at temperature

heated above temperatureTl > (As- A¢ )>T0' without external stress or

under a constant load (¢ 0=const):

&q(s > sqy)\RTo. =g (T >Tp)s , (4.5.3)
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where g is the reversible martensitic deformation, which value may be
different from quasiplastic deformation vaJuka part ofthat remainsrre-

versible for whatever reason.

Another variantof the shape memory effectannot be illustrated in
such structural schemésig. 2 a), namely the force memory effect, which
is also responsible for the quasiplastic deformation recovery against an ex-
ternal force as above. If a quasiplastically defori@®btA-specimen is held

in its low-temperature shape during heating over the temperature range

T>(As- Af)>Ty', internal stresses =5 ™ (T)‘@Ir arise in it Fig. 21 b),

which initially exceed the plastic yield poirai)'\,’I " and then also the

Mm+

breaking point of the martensiteg at the breaking temperatuiigs,

and lead to selflestruction of thepecimer(Appendix2).

The slope ofthe internal stresslependence on the temperaturegha

temperature range A¢ <T <Tg) corresponds on the other hand to the

ClausiusClapeyron ratio (2.1. 7&0 24 (F g. 21 b. The trans-

formation entropy calculated from psoR B2 (fl—@q
r dT gCK

at

values: r ° 8("103kg/m3, gy ° 0.08 for Cu- 24.7at%Al - 4.7az%Ni-

<100> single crystals agrees well with that from the calorimetric measure-

ments §4.3.4). The force memory effect is used in electrical break protec-
tion devices with a memory insegpplicable,e.g for electrical networks

against overloads and short circuits [68] (Appendix 2.

Reversible cyclic deformation of a memory element can also take place

without bias elements and without external stresagtant loadl if an ani-
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sotropic field of intemal stresse#‘ij H Is induced in the memory element by

a few cycles of thermoduced transformation under constant load or by
other training methods. The source of such orienting internal stresses are
separatemartensite macromonodomaimath increased reverse transfor-
mation temperatures that have arisen during training, warehthereby

switchedoff from the thermeanduced transformation cycles.

This ability of SMAG todeformspontaneously both during heating and
cooling is called tweway memory effect [B] and, thermodynamically,

just like the onewvay memory effect described above without external load

s®=0, is defined as a special case:

(4.5.4)

)

e= eq(T, sext_g

where the stress tensHm,fj H Is to be regarded as an internal parameter that

describes the internal stressestd caused by trainingpefore The marten-
sitic deformation generated by the tway memory effect is, however,
much smaller than that of the em&y memory effetcand is onlyof 1%

up to 2%. In addition, no mechanical work (4.5.2) can be done in this pro-

Cess.

The better overview of alEMEG in their representation as thermody-
namic functions offers the following formallyluktrated scheme similar to

the triangle learning scheme for Ohha'® %

e- s- T. (4.5.5)

If you cover a symbol in the scheme (4.5.5) as a constant held variable, two
remaining symbols form aBME-function (left) from the argumentright).
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If you cover €, you get internal stress =gt (T)‘E.r as a function of the

temperature with the quasiplastic detent deformation kept constant, i.e. the

memory force effect. If you cove? , you get recoverable quasiplastic de-

formation & (T)|s as a function of the temperature at zero or constant ex-
ternal stress or load, i.e. the emay (4.5.3) or tweway memory effect
(4.5.4). If you coverl , you get quasiplastic, ferroelastic or pseudoelastic

deformation Eq,f’p(S)‘T<T0',T>T0' as a function of the external stress at

constant temperature, i.e. quasiplastic, ferroelastic or pseudoelastic memory

effect.

The existence of the substructure sisting of the martensite mi-
cromonodomains Higs. 2 ad) with easily movable martensite mi-
cromonodomain boundariestécking faulty is the basis of all kind of
shape memory effegtand is one of the criteria of thermoelasticity. The
properties of internamartensiticooundaries determine (83.2.2) fundamen-

tally the characteristics of the mechanical hysteresis of @MA
These characteristics are complicated in most experiments by the influ-

ence of other factors such as the presenced®™ P phase boundaries
(3.2.14). That is why there is such a lot of shapes and sizes of experimen-
tally determined hysteresis loops that are complicated for the analysis. De-
spite the obvious advantages of investigatihg ferroelastic hysteresis,
there are hardlany experimental results in this area. It is evidently due to
the difficulties in carrying out such experiments, which require the use of
one and the same specimen for the tensile and compressive loads in ferroe-

lastic deformation cycles.

In order to carryout the uniaxial tensienompression loading of a flat
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SMA-specimen, this specimen is inserted into a rabbet milled in the copper
thermal camera that is adapted to the width, height and length of the work-
ing part of the specimen and is held back by a eoppver attached to the

top. A gap in the cover cut along the specimen enables light microscopic
observationsKig. 22 d during the deformation cycles and placement of a
thermocouple on the specimen surface. The thermal camera is connected to
a thermostiaby rubber hoses and thus enables a constant test temperature to
be set. This device, which prevents lateral movements of the specimen dur-
ing the compression load, as well as the relatively small mechanical stress-
es required for the ferroelastic deforroati enable clean tension
compression deformation even without massive standard specimens re-

quired for such tests.

Uniaxial tensiorcompression loading of the austenite, which is meta-

stable in the temperature rang§g<T <Tg, obliges it to trasform into a

martensite macromonodomai&- M™ and thus to the macroscopic

pseudoelastic martensitic deformatian(s) = ay Q(s)\T (Fig. 22 a.
When the load is removed, the martensite macromonodomain transforms

back into the metastablausteniteM ™ - A" (Fig. 2 a, fourth leve). The
macroscopic martensitic deformation is recovered by the disappearance of
the martensite as a deformation carrier, so that two hysteresis loops are cre-
atedi one on the tensile and one on twempression side. This behavior is
known as pseudoelasticity, or sometimes, because of the amount of defor-

mation, superelasticity.

The pseudoelastic hysteresis loops are thus formed by two pseudoelastic
flow lines and two elasticity line$={g. 22 8. Theslope of the flow lines or

the entire hysteresis loop is described by an energetic pseudoelasticity coef-
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ficient like the energetic thermoelasticity coefficient (4.3.7) introduced in

84.3.3:

K (4.5.6)

éJﬂl
r

2Je_1ds
PEkadl r dep’

where r and ey, are density and pseudoelastic deformation.
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Fig. 22. Pseudoelastic tensiemompression deformation by the strésduced

A- M™ (tension sidgand A- M™ (compression sideransformations ir
the premartensitic temperature ranfig< As <T <Tg (a), complete and partie

cycles of the mixed pseudand ferroelastic deformation by the same trang

mations of the austenite pa@t- z) and by theM™ @ M™ _reorientation of
the martensite parkz of the initial sample in the twphase transition rang
M <T <As (b), the ferroelastic deformation cycles in the martensitic {

T<M¢ <Ty' (c) of a Cu- 152at%Al - 16.6at%Zn-(100 single crystal. The
tensioncompression device on the light microscogke (
The intersectiopointsof the extrapolated elasticity and flow lines mark
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the pseudoelastigield points during Ioadingsé‘;,Mm and unloading

m° as
S'F\)/Iy A" The equilibrium stress po is defined as the mean value be-

tween the two yield points:

AM™ M™ A
(M+spy (1)

spo(T) = > By ; (4.5.7)

If the test temperature, which is kept constant during each tensio

compression cycle, is changed from test to,tdke yield points

AM ™ MM A , :
S py (T) and sy, “(T) change also according to the Clausius

Clapeyron ratio (2.1.7). The experimentally determined temperature de-

pendence of the equilibriustresss o(T) is used for othethan calorimet-

rical determination and calculation of thé&ansformation entropy

i M°
DSA'VI :

o

o +
psAM™ :@6%. (4.5.8)
I

In eq. (4.5.8) the determination of the transformation entropyniy given
by the temperature dependence of the tensile stress (+), because the tensile
and compressive hysteresis loops are not always symmetrical due to differ-

ences in the shear systems.

When the test temperature decreases, the two hysteresis loaps slid
along the elastic branch towards each other, their shape and area remaining
in the processunchanged. During the transition from pseudoelasticity

(T >A; >Tp') to ferroelasticity T <M <Ty'), when the test temperature

reaches théwo-phase temperature rangl ¢ <T < A¢ ), wheretheinitial
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specimerconsists only partly@< z<1) of martensitea neckshaped hys-
teresis narrowinglevelopsbetween two pseudoelastic hysteresis loops in-
stead of one elasticitynle (Fig. 22 b).

The slope of the pseudoelastic lines is determined as an effective elastic-

ity modulus(;—se = GQ}J’M P of the twephase mixture by the phase fraction

Z of the martensite in the SMifitial specimen
GAM P (M)[MPa = GAL- z(T)]+ r &; &(T), (4.5.9)

where:

eJg_1ds

ke oo 91 Y5
T&g¥™ - de;

(4.5.10)

is the slope of the ferroelastic hysteresis lampich to be understood as an
energetic ferreasticity coefficientcorresponding to the thermoelasticity
kr (4.3.7) and pseudoelasticily, coefficiens (4.5.6), andes s the fer-

roelastic deformation.

Equation (4.5.9) adequately describes the experimentally observed
change in the effectivelasticitymodulus in théransformatiortemperature
range as a function of the martensite phase fradiorz ¢ 1 in the initial

specimen This means that the martensitic deformat@&y (4.5.1) of the

specimernin the twephase stateApb. 20 b aswell as within the transition

sections of th€s - e)-diagram Fig. 22 b) takes place&lue to the reorienta-

tion of the existing martensite and the pseudoelastic deformation of the re-

tained austenitey =gy 1 &+e, @- 2).

When the reorienton of the existing martensite is completed, i.e. after
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resource of the quasiplastic or ferroelastic deforma#gn= g, 1 Q has

been exhausted, the pseudoelastic deformation begimarnsformatiorof

the retained austenite phase fract{ibn z) under external stress into a ten-

sile M™ or compressionM™ martensite macromonodomain, tlalue

em = €p @1- 2) of which is also determined by the martensite phase frac-

tion.

Decreasing thamplitude of the pseudoelastic deformatia@‘p in par-

tial deformation cyclesHig. 22 b) leads to a decrease in the widds , of

: : : +M P :
pseudoelastic hysteresis loop, while the sl%ge: Gé}‘fJ’M of the linear
e

sectons increases with the transition from tensile to compression and vice
versa. As a result, if the deformation amplitude is sufficiently small, two
pseudoelastic hysteresis loops are again observed, which are separated by a
purely elastic section:

. ! p 1 o

im c4&™M =cA=cM", (4.5.11)

Dep- O

This means that the martensitic phase is completely monodomainized, and

the SMAspecimernis only deformed by the elastic deformation of the-two

phase mixture.
In the temperature range< M ; <Ty', in which the iniial specimens

in a purely martensitic state, the two pseudoelastic hysteresis loops permute
into a single ferroelastic hysteresis lodfg( 22 . The stress and defor-

mation amplitudesDs ; and De; of the ferroelast hysteresis loop are

equal to the width of the pseudoelastic hysteresis loop and the entire
pseudoelastic tensiesompression deformatiorand do not change with
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further temperature decrease [14].

At the first tensile loadingHig. 39 @ the quasiplastigyield point

P
sé\lg, (i1=1) and the entire quasiplastic flow line is almost twice as high as

the flow line in the subsequent cycleglud ferroelastic deformation:
MP . YR A
Sqy (1=1)°2G¢ (ef =0, |>1), (4.5.12)

This is due to the partial reorientation® - M™ +M™ of the marten-
site polydomains, which are favorably oriented relative to the strain axis,
from the complex mixture of twelve orientation varianialfle 3 of the

thermainduced polydomain martensite.

Only the subsequent compressioading leads to a complete reorienta-

tion M™ +M™ - M™ of this mixture to a compression martensite
macromonodomain. In the event of further tenstompressiodoad cy-

cles, only the reorientation of the tension and compression martensite mac-
romonalomains takes place with one anothiéig( 2 a, third leve). The
corresponding tension and compression flow lines as well as two elasticity

lines build a complete ferroelastic hysteresis I@@;QS)\T (Fig. 22 9. The

difference in deformabin mechanisms also makes the essential difference

between quasiplastic and ferroelastic deformation.
However, light microscopic observations show that the martensitic

f + . . .
A- M™ _transformation under an external stress is morphologically very

.. . . . - +
similar to the martensite reorientatidd™ @ M™ . The both processes
take place only through the continuous nucleation of narrow lamellae with-

out their growth similar to those in Figure 27 b. In both cases, these lamel-
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. . m+ . m- . .
lae are single tensileM ") or compression Nl ") martensite mi-

cromonodomains that arise under the external stress, defined in §3é.1
) ) ) . m+ )
martensite micromonodomaibscome ta tensile M ") or compression

(M m-) martensite macromonodomaan the end of the pseudor ferroe-

lastic deformationThe difference between thmth processegonsists in

m+,m-
M m

the energy of thé?’ phase boundaries and the internal martensitic

M MGy r?{' domain boundaries.

The presented experimental results on the transition from pseudoelastic
to ferroelastic hysteresis disprove the following predictions of theories and
models of SMAs [70, 71]:

1. Temperature dependence of the pseudoelastic hystesis

2. Area doubling of the ferroelastic hysteresis compared to the common
area ofthe pseudoelastic tension and compression hysteresis loops.

3. Transition from pseudoelastic to ferroelastic hysteresis by moving the
two pseudeelastic hysteresis loops tdber along the elasticity line
without the additional dissipative transition area.

4.5.2 Interior of the mechanical hysteresis

The interior of the ferroelastic hysteresis is revealed in partial cycles
similar to the thermal hysteresis. The area blysteres loop consisting of

two triangles between two flow lines and the abscssa0 (Figs. 23 a, b
is determined by the energy dissipat'wé(ef) in acompletecycle of fer-

roelastic deformation:

wp (er) = k¢ (b7, (4.5.13)

110



m-
The tensile and compressioferroelastic vyield pointslxl, and

m+
S% determined as the intersection of the extrapolated tensile and com-

presson flow lines with extrapolated elasticity lines lie on the abscissa,
on the zero stress axis, in both complete and partial deformation cycles
(Fig. 23 a, b:

m- m+
Sty *Shy
59 = =0. (4.5.14)
2
&80 q
50 50 =
30 / 30
20 20
% 0- T oraid | s R et
20 - —20—;
~30 4 —30—:
503 a =50 < b
‘50_g-?"”"'ﬂ!’""‘!‘2""“_'{' A S > S S S N S S
Strain, % Strain. %
Fig. 23.Loops of the ferroelastic hysteresis oCa- 15.2at%Al - 16.6at%Zn-
<11:$ sinde crystal and its interior determined in partial cycles with increas
deformation amplitude on the tensi@) &nd compression sidb)(

This also applies to the pseudoelastic hysteresis |6ogsa2 &), which

is a horizontafight line of the equibrium stresss g =const, 0 or

ds
?po =0 (4.5.7). The energy dissipated in completed cycles of pseudoe-
Y

lastic deformation is also calculated as the aréa@triangles:

wh(ep) =kp G5, (4.5.15)
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These experimental results fundamentally disprove the theoretical specula-

ds pno.fo
ep’f

tions [72-77], in which could be calculated a negative sl <0

of the equilibrium lines and a positive slope of the equilibrium lines

ddi >0 within the thermal hysteresis loop with simultaneous zero values
z

of the therme kr =0, pseude k, =0 and ferrelasticity ks =0 coeffi-

ds po, f0
dep’ f

cients. The sIopes(,de—0>O and <0 should also determine the
z

width of the thermg pseude and ferroelastic hysteresisolos. The ther-

ds
p7f >O

: . : dz
moelastic component observed in all experiments—+e<0,

or kt p,t . O is completely ignored in these theories.

It follows from equations (4.5.13) and (4.5.15) that the pseudoelastic
(Figs. 20 c; 26 HT) or ferroelasticig. 23 a, b hysteresis loops are nar-
rower, he smaller the pseudor ferrodastic coefficients. This also means

that pseudoelastic, oversized wide hysteresip with k, =0 published in

[73] is unreaktic. This was constructed by Chinese doctoral student from
the hysteresis loop of the sar@ai- 15.2at%Al - 16.6at%Zn- <100> single
crystal Fig. 26 HTI) by means of a temperature manipulation, which was,
however, calculated physically wittng help of the ClausiuSlapeyron
equation, in order to experimentally prove the unrealistic theory of his

germanprofessor, and thereby grant your own doctoral thesis.

The relationship between the stress and the ferroelastic deformation is

generally detenined by the width of the latent hysteresis loop:
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m- m+
Ds|:s'%§', —s'%{', : (4.5.16)

and the ferrdasticity coefficientk; is determined as the slope of the two

flow lines:
1 .
s(es)= EDS| +Kks (s . (4.5.17)

The dissipate@nergy as the area tife entire hysteresis loop is calcu-
lated by integrating the function (4.5.17):
€t
W[f) (es)=21r(es) C'Qief =Ds C"Pf +K¢ CP% (4.5.18)
0
and supplemented by an additional linear term compared to (4.5.13) and
(4.5.15).

The empirical equation (4.5.18) fisrmally similarto that in theoretical
models [84]:

ds = d&F 8 e, (4.5.19)
cde+

where F is thefree energy of a deformed solid described by an inteznal
and an externa$ parametersh is the dissipation parameters for a general

description of a system with friction or with hysteresis.

The first term in (4.5.19) actually corresponds to the stress valties
which equilibrium between austenite and martensite is reached in the iso-
thermal pseudoelastic deformation. The second term describes the devia-
tion of this stress from the equilibrium valudise to the hysteretic energy

losses. Comparison of the twquations (4.5.19) and (4.5.18) gives:

h(es) =k 7. (4.5.20)
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This experimentally determined parabolic dependence of the dissipated en-
ergy on an internal parameter thus represents a general law for the descrip-
tion of hysteresisrad is characteristic, for example, of ferromagnetic hyste-
resis [80].

4.5.3 Affinity offerroelastic and ferromagnetic hysteresis

The term "ferroelastic” comes from th#inity of reaientation process-
es in the polgomain martensitic phase in SMRAand in the dgdomain
ferromagnetic phase in ferromagostin an external uniaxial force field
(the mechanical external stress or the magneticiélgten a purely visual
comparison of the ferroelastic and ferromagnetic hysteretic beh&uist. (
24 a, bor 24 band 40 @ justifies the assumption about thaiffinity and

their common mechanisms.

In order to better illustrate theffinity, the ferroelastic hysteresis loops
in these figures are shown in a ferromagnetic axis arrangement that is unu-

sual for mechanical Isyeresis: deformatio@; as the ordinate likenag-

neticinduction B and stresg™ as the abscissa likmagneticfield strength

v

H . So, you can see that the two hysteresis lompgh at first appearance
come from physically very different areas, are affine down to their last inte-

rior detail.

But the two phenomena are not that different either, because the two
hysteresis are due to the energy dissipation caused by the movdment o
domain boundaries during their reor.ice
tation of martensite micromonodomains and in ferromagnetics from Weiss
areas ifpicrodomaing Because of this, the theoretical models [78, 80] and
terms developed for some time imetfield of ferromagnetism can also be

used for the description and understanding of ferroelastic hysteresis, such
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as these, e.g., which are adopted in [81].
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Fig. 24. Affinity of the ferroelastic hysteresis of a
Cu- 15.2at%Al - 16.6at%Zn- <11:3 single crystal ) and the ferromagnetic

hysteresis of a molybdenum permalloy ferromags¢fig, 79] ©).

A ferromagnetic hysteresis loopi¢. 24 b shows the relationship be-

tween the magnetic inductioB and the magnetic fielsltrengthl—\IJ, similar
to the ferroelastic hysteresis lodpid. 24 @ the relationship between the

ferroelastic deformatio@; and the external mechanical str@ss

B=mN = & =k&, (4.5.21)

where r7.is the magnetic permeability ard= G 1 is the mechanical com-
pressibility (4.4.5). The residual magnetizatiBp (also called reranencé

and the coercive force or coercive field strentth are the most important
characteristics of ferromagnetic hysteresis [78].

In the case of ferroelastic hysteresis, the ferroelastic deformation that the

specimerhas after the>dernal field has been switched aoff. remains in

the specimenafter the external stress is set to zerresponds to the re-

sidual magnetizatianThe ferroelastic residual deformatioferfoelastic

remanencegan be represented as a half of the deddion amplitudeDe;
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of the ferroelastic hysteresis when assuming the symmetry of the tensile

and compression deformation:
+ -
€ = ‘E’f =— . (4.5.22)

The pseudoelastic hysteresis loops are not always symmetridalerela
to the stress coordinate axisid. 22 a. In the case of the stressluced
martensitic transformation, lamellae are observed in the light microscope,

which build to thesingle crystal specimelongitudinal axis<100>B2 the

angle 45 at the tension stress add at the compression on&his dis-
crepancy naturally changes the relationship between the normal and tan-
gential stresses acting in the shear plane (4.5.24) in theafdsasionand

compresion.

The ferroelastic hysteresis loops of single crystals with a favorable ori-

entation <1OO>B2 nevertheless show symmetry relative to the tensile and

compressive effectd={gs. 22 c; 23 a, b; 24 a,)c Because of this, the in-

ternal stressesvi t hi n a f er r oelmagndtized )al ISWA def
specimercan be estimated. These stresses must be compensated by the ex-
ternal stress of the opposite sign so that the ferroelastic residual defor-
mation is recovered. The stress value is then meassrédlfthe stress

amplitudeDs ¢ of the ferroelastic hysteresis loop:

- f (4.5.23)

This stress value corresponds to the sense of the coercive field strength in
ferromagnetic materials. The coercive fisldength is known as a charac-

teristic of the magnetic hardness of ferromagnetic materials.
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The coercive field strength of ferromagnetic materials and the hystere-
sis, which corresponds to the frictional energy losses during magnetization,
are due to the pning of magnetic domain boundaries by structural defects
[80]. The resulting friction leads to the residual magnetization because it
prevents the return of the magnetic domains to their initial state after the
external field has been switched off. Thetialistate also corresponds to
the indifferent equilibrium of magnetic monodomain mixture, as demon-
strated by the position, parallel to the magnetization coordinate axis, of in-
tersections of the internal "elasticity lines" with the "flow lines" of the

magretization curves in partial cycleBig. 24 b.

The mechanical coercive field strength reflectsghantity of the dissi-
pative, hysteretic losses due to the friction during the ferroelastic defor-
mation and is described by the ferroelastic coefficient18)51t is caused
by the blocking of the micromonodomain or twin boundaries by structural

defects [80, 87and 88, i.e. by increasing the stacking fault energy.

The absence of temperature dependence found for the shape and size of
the ferroelastic hystesis loop is also known for ferromagnetic hysteresis.
Another common feature of the two hysteresis behaviors is the natural ori-
entation dependency of their hysteresis for the vector fiékeld &trength,
stres3. The dependence of the resulting martemsgiformation on the ori-
entation of the longitudinadpecimenraxis is due to the nature of the mar-

tensitic shear deformation and has been proven several times experimental-
ly.

Such orientation dependency was investigated and found on the poly-
crystalline Ti- 50.5at%Ni specimengextured by rolling [85]. The test

specimensvere cut out of a rolled strip with the textt(ﬂdz)[iloj, deter-

mined by X -ray method in such a way that their longitudinapecimen
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axes build dferent angles to the rolling direction. In thermal cycles under
constant load, thesspecimensshowed the quasiplastic hysteresis loops
with different widths, with different traf@rmationtemperatures and with

different maxinal quasiplastic deformatior(&ig. 25 a).

3
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Fig. 25. a- influence of the rolling texturéllZ)[i 1OJ of rolled polycrystalline
Ti - 50.5at%Ni - specimens with different orientations of the longitudinal axis
relative to the rolling directio® (1); 225 (2); 450 (3); 67.5 (4); 90.0 (5)
and their quasiplastic deformation under constant load [B5lpfluence of the
orientation ofCu- 15.2at%Al - 16.6at%Zn single crystalsvith orientations of
the longitudinal axig100) (1), (113 (2), (113 (3) on their ferroelastic defor-
mation as well as on the ferroelasticity coefficient and thus (4.5.13) on the di

pated energyc( the samenumbering including thevalues(4) calculated from the
pseudoelastic hysteresis of the single crystals with the same composition an

entation in work [73] as well as those Gfi- 15.2at%Al - 16.6at%Zn- <100>

single crystals after different aging times: fresteigched fron850 C into cold
water (1a), after storage at room temperaturefhr (1b) and for one month (1c
[10, 12, and 14].

The orientation dependency of the shape and the size of the ferroelastic

hysteresis loopsan naturally be seen most clearly in single crystals. This
was investigated ofu- 15.2at%Al - 16.6at%Zn single crystals with lon-

gitudinal axesrien@tions (100 5, {1135, and (111, (Fig. 25b).

If the orientation deviates from the cubic ax(iOO)B2 to the axis

(1135, via the orientation113 5, , the ferroelasticity coefficient increas-

es drastically, while the martensitic deformation decreases. The square of
the ferroelastic hysteresis loop also increases, despite the substantial reduc-
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tion in its deformation amplitude. Based on ferromagnetic materials, the

axis <1OO>B2 can related to the ferromagnetics be considered as the axis of

the lightest femwelastic deformation, along which maximal deformation is

achieved with minimal dissipative energy lossr{imal worK.

The pseudoelastic hysteresis shows the same orientation dependency:
The equilibrium stress and pseudoelasticity coefficient increase thieen

longitudinal axis deviates from the orientation of the lightest deformation

<1OO>B2 whereaghe deformation amplitude decreases. If the experimental
So- and ep-valuesare usedn the calculatiorof the transformation entro-

py in (4.5.8) the result is theonstant entropy value as a scalar, wineh
ther depends on the single crystal orientation nor on polycrystal anisotropy
[82], and isapproximately equal to the calorimetrically determined gytro

value.

The dissipated energ¥ig. 25 9, which is a parabolic function of the
deformation amplitude (4.5.13), (4.5.18), is essentially determined by the
ferro- or pseudoelasticity coefficient. The increase in the ferroelastic coef-

ficient when deviatingrom the crystallographic directio{flOO)B2 is relat-

ed to the increase in the frictional force in the shear p(ad@g, due to

the increase in the normal stress component.

This component acts on the shear plane and gesexabending mo-
ment on the habit plane of a martensite polydomain (83.2.3), which is an
invariant plane. The distortion of the invarigadneleads to the expansion

of the mechanical hysteresis loop [86]. The nor®g and tangent
components of the maximal shear stréggy that act in the planes at an

angle 45 to the longitudinalspecimenaxis depend on the angi be-
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tween the habitus plane observed inltglet microscope and the longitudi-
nal specimeraxis:

SN =tmax 8in(@ - 45)

" (4.5.24)
t =t yax @0sSE - 45)

The analysis of this dependences shows that for single crystals with orien-

tation <1OO>I32 (a =45) the normal component Bero and the tangent

component is maximal. When it comes to orientafftitl) ., the both are

the sames | = :gc'bmax.

The determined orientation dependence also supports the common char-
acter of the hysteretic behavior of ferromatycs and SM&s. The orienta-
tion dependence of the nahastic properties of SM& naturally follows
from the crystallographic reversibility of the martensitic transformation as a
cooperative atomic displacement in certain shear systems, as well as from
the mechanism of the nexlastic deformation. The mechanism consists in
the monodomainization of the martensitic polyvariant polydomain phase
through the growth of martensite variants favorably oriented relative to the
external stress at the expense of théaworably oriented variants. Such
reorientation also takes place through the shear movement of péstial
cation incertain shear systems. These are responsible fdortmation of

twins, of which consists martensite polydomair=(g. 2 b).

One of thetwo twin parts has been defined here as a martensite mi-
cromonodomain, i.e. as an elementary arethe@fmartensitic phase, within
the framework of which the martensitic shear direction does not change,
and which is regarded as a carrier of the maxinatensitic deformation

the lattice shear deformatioff . Such a definition of the martensite mi-
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cromonodomain corresponds to the definition of the magnetic monodomain
(Weiss domains in the Ising model of ferromagnef&9f), within which

the direction of all magnetic moments on atoms remains constant. Such a
monodomain is accordingly the minimal microcarrier of its own internal

magnetization or of its own martensitic deformation.
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5 Observations and evidence of martensite monodomains

transformations

In this chapter, observations of the transformations from martensite mi-
cromonodomains to martensite macromonodomains and their transfor-
mation into austenite are presented and discussadvide variety of ex-

periments

5.1 Transformation with asinglephase boundary
5.1.1 Equilibrium and stationary conditions

The hysteretic behavior au- Al - Zn-SMAs depends essentially on

its heat treatment, which is firstly related to tB2- DOs-transformation

between two austenite pless[50] and secondly to the composition, which

Is far away from both thé82 and DO3 stoichiometriesThat causes lot

of excess, nomquilibrium vacanciesitheCu-based .SMAG S

The usual heat tetments [14] contain, as a first common step, anneal-
ing at 850 C for 0.5h, which homogenizes thB2 ordered austeniteThe

following heat treatment variants are then possible:

HTI: (standard heat tratmen} B2- DOj transformation suppressive

guenching in oil att50 C, the equilibrium distribution of excesacan-
ciespromoting aging afi50 C during 0.5h and quenching in water at
theroom temperature;

HTII: Both the B2- DOs transformation and the equilibrium distribu-

tion of excesyacanciepromoting cooling with the furnace tberoom
temperature;

HTIII: Both the B2- DOg transformation and the equilibriunmsttibu-
tion of exceswacanciesuppressive quenching into cold water.

The three methods of heat treatment fundamentally influence the behavior
of single crystalsKig. 26 HTI, HTII, and HTIII).

The first heat treatmenH{'l) causes a very narrow loop bkt pseudoe-
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lastic hysteresis with the pseudoelastic coefficignt o (Fig. 26 HTI).

The stressnduced martensite itCu- 15.2at%Al - 16.6at%zn-(100) sin-

gle crystals shows in the light microscope the lamellae that are paoallel
each other and buildn angleof 45 to the longitudinalspecimenaxis.
These lamellae were interpreted above (84.5.2) as a martensite mi-

cromonodomain oriented in one and the same direction.

The pseudoelastic deformation increasembieasing the lamellae den-
sity without their noticeable growthhéterogeneous transformatipantil
they grow together into several and finally intsiagle martensite macro-

monodomain. This morphology is a model of the interaction and coales-

cence of theAM™" phase boundaries and their transformation into the

+ +
Mg m

internal martensiticM monalomain boundariessimilar to those

considered above 83.2.2for the thermosnduced transformation

The second heat treatmemiiT]l) increases the critical stress of the

stressinduced martensitic transformatioRig. 26 HTIl). Overcoming the

yield pomtsﬁy'\’I and increasing martensitic deformation are accompa-

nied by a stress drop. The sudden stress drop is causkd fmymation of
a martensite bandh@mogeneous transformatipagainst the background of

the fine martensite lamellas.

The light microscopic observations during temperature changes under
constant load or during the tensioompression deformation undeon-
stant temperatureF{g. 22 d showed that the narrow lamellae are still
formed in the elastic range, do not lead to any macroscopic deformation,
and, therefore, they are interpreted as martensite micromonodomains ori-

ented in opposite directions or adrivareas consisting of several marten-
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site micromonodomains within the metastable austenite in the premartensit-

ic state.
18] é
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Fig. 26 Pseudoelastic hysteresis loopsi- 15.2at%Al - 16.6at%Zn-(100)
single crystals after various heatdatmentdisted aboveSchematic representatio
of the stresstrain diagram in the case of plastic deformation due to the forma
and spread of Ludetsandg91].

The fresh quenchespecimengHTIII) show very unstable loops of the
pseudoelastic hystesis Fig. 26 HTIIl). If the specimen loading is
stopped during deformatipmand the specimen is held under these condi-
tions onstant deformation, constant temperajutae stress on the spec-
imen decreases depending on the holding time and the pretodwtghe

reverse transformation takes place during the subsequent unloading at low-
er stresses.

Such stress relaxation is due to the diffusion of-equilibrium vacan-
cies in the gradient of mechanical stresses in the crystal lattice. The time

dependent alaxation processes are described by the kinetic Arrhenius
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equation:

Ea

s(t)=soC RI, (5.1.1)
where s is the initial stressR is the universal gas constarEA[J (kg 1J
is the activion energy of the process responsible for the relaxation. This
energy can be determined as the negative slope of the Arrhenius graph
Ins = f(l"l) if the tests Fig. 26 HTIIl ) are carried out at different tem-

peratures and the stress decreasirgy thve same time is determined every
time. Such expansion of the hysteresis is known as martensite stabilization
in these alloys [90] and is explained by the redistribution of the excess

guenching norequilibrium vacancies.

Formation of martensite lamelland a martensite band was observed
directly (Fig. 22 d) in the light microscope both during pseudoelastic de-
formationat a constant temperatuiisdthermal conditioh ey (s)t (Fig.

26 HTIl) and during cooling under constant loadsdstresscondition

ev (T)|s the samesingle crystalspecimensafter the same heat treatment

HTII (Figs. 27 ac) [5].

In this process, narrow martensite lamellae initially appeared on the pol-
ished specimensurface Fig. 27 g at a temperaturd >Ty' during the
slow, stepby stepcooling Fig. 27 b). Their density:

dz“?, (5.1.2)

where n; is the lamellae numbely is the average lamellae widthnd L

is thespecimeriength, increased continuously with further cooling without

causing any macroscopgpecimendeformation Fig. 28 8. When the la-
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mellae width and the distance between the lamellae became the same on

average, i.ez('3r ©1/2 a martensite band with a critical widlilsﬁﬁI ° 2mm

(Fig. 27 9 washbuilt at a position with the said maximal critical lamellae

density.
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Fig. 27. Light microscope images of the polished surfaice
Cu- 15.2at%Al - 16.6at%Zn-(100) single crystaspecimer(HT II): initial sur-
face @), premartensitic lamellar martensite structurkg (hartensite band with a

transition zoneq, limited line over the transitionong. Martensitic deforration
within the martensite band during its growt). (

The critical phase fraction ahartensitelamellae er ©1/2 corresponds
exactly to the criticaky-value at which the maximal coalescence probabil-

ity (3.2.8) is reahed, and the system becomes unstable:

df.(2) 1 dzfc(z) _
—=x7=1-2z=0, =—and——~-=-2
dz ‘ 2 2 an dZ

After the band formation, aingle boundary of the martensite band

<0.
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movedawayover the lamellae field with a velocity of:

B -1 g6 . nagtmat (5.1.3)
ey dt

The martensitic deformatioa,, within the martensite band was calculated

as the ratio of the machimmeeasured sample elongati@i to the band

width By, measured in the lig microscope at the same time:

DL
= 514

By (5.1.4)
The internal deformation changes shargiig( 27 d between0.050 and
0.088 at the beginning of the band growth, where the ratio betwsen
width by, of the transition zone witlb < g, <0.08 and the band width
By is still comparably Iargel?ii > 0.1, and at the endgi < €0.1) fluc-

M M

tuates around the value ef; © 0.07. This internal deformation also corre-

sponds to the total deformation of the specimen at the end of the martensit-

ic transformation, ifBy; =L and I;)‘—rzo. These data suggest that the
M

martensite band is a martéesnacromonodomain.

The single martensite bandboundarymoves spontaneously while the
outside temperature remains constant. 3jecimen temperatumeas low-
eredstep by stegeachl C), kept constant for one minute until a station-
ary state was reached, and then lowered furthey. 8 @), until the spon-
taneougemperature elongatian one of the next steps caused by riee -
tensite bandformation begins as a spontaneous isostissthermal
(P=20N =const, T =121 C=const) martensitic deformatiorof the

specimenwith a starting temperature that is then kept constagt 28 g
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and increases to its maxafvalue Fig. 28 b.

The temperaturé’s =139 C was sensed in the same way durstep

by stepheating ad also kept constant after the onset of the martensitic de-

formation recovery. On the way betwe&hg- and Ag- temperatures, the
indifferent equilibrium was reached at an equilibrium temperatgtein

which the martensite barlibundarycreeps back and forth or stops at the

constant temperaturé =Ty'° 12.7 C, so that the martensitic deformation

increases and decreasegy( 28 b).
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Fig. 28 Elongationtemperature diagram®{ - T ) of a
Cu- 15.2at%Al - 16.6at%Zn- (100 single crystaliT II) in the premartensit-

ic temperature range of the lamellae formatianng step by step coolin@),
isostresssothermal deformatiorup to anelongationof approx.1.8mm) due
to the growthshrinkage of the martensite macromonodomad)) femperature
dependency of the critical stressesdf the martensite band formation (1) an
the martensite lamellagpearancé?) during cooling under various constant
loads.

At the critical martensite lamellae densi&:ﬁr =1/2, the neighboring

mutually oriented martensite micromonodomains or martensite twins up-
set. They build under constant load the martensite band as a martensite
macromonodomain, thergwth of which occurs through the upsetting of
the remaining micromonodomains like the domino effect at approximately
the same velocity as at isothermal loading. The upsetting of martensite mi-
cromonodomains is registered as the sharply change in the si@tde-
formation within the martensite band.
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|
Linear dependencies of the yield poirn%/'y (T) for the martensite la-

B
mellae appearanceHg. 28 ¢ line 2 and s%"y (T) for martensite band

formation Fig. 28 ¢ line 1) on the temprature were determined at various

constant loads. The extrapolation of the both lines to0 gives the equi-

i
librium temperatureél’oA'VI = 284K between the metastable austenite and

In B
the martensite lamellaémicromonodomainsand TOM M™ =270k be-

tween the martensite lamellae and the martensite b@ndcro-

monodomaih

The (A- A'+M')-transformation entropgalculated from the Clausi-

: A- A+M! o
us-Clapeyron equation (2.1.Ds =14.0J /kg X is smaller than
g | B }
the entropy pDsAtM - M =224J/kgX of the A+M! - mB.
| B
transformation, i.,esM >sM”  calculation of the latent transformation
- A- A+M!

heat from these data gives valudyy =39760J/kg and

VIEE:
DA™ - M™ - 604803/kg. The entropy and heat valuesf the

A+M' - MB. transformation agree with those for theB2- 9R-
transformation which were determined calorimetrically on the same
Cu- 15.2at%Al - 16.6at%Zn single crystals after the HTI heat treaim

The critical phase fractiorer =1/2 of the martensite lamellae also re-

sults from the analysis of the unstable equilibrium (3.2.11) of martensite

polydomains with the elastic interaction enekdy((z) = Kgi Q(1- 2):
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S0 = KoL 22) =0, 2y =12 e <o (5.1.5)

dZ

So, the analysis shows that the elastic stored energy of martensite lamellae

. |
L m o

reaches its maximum at a critical dens'mélr =

and thus the unstable equilibrium.
5.1.2 Equilibriumdisturbance dynamic conditions anstructures
The building of a homogeneous martensite band in this unstable state

minimizes the number oA'M' phase boundaries and thus the elastic ener-

gy of the twephase system, without increasing #mergy of the martensite
through the formation of internahartensitic M'M' domain boundaries.

This leads to a positive slop%% >0 of the transformation trajectory due to
increasing the equilibrium temperatulg'(z) .

As a result, the stored elastic energy is dissipated ascthesticemis-
sion and heat, with thsubtractionof the energy used to upsetting the re-
maining martensite micromonodomains and to transform the remaining
austenite figs. 28 band 29 a,b).

The exothermic and endothermic temperature changes measured by a

thermocouple placed directly on the surface in the middle o$gkeimen

are approx(0.4- 0.2)K for isothermal =0, Fig. 28 b) and approx2K
for adiabatic #¥=1K /s, Figs. 29 a, B band growth and shrinkage. The

released Joule heat &, =cp (DT ° 1151 /kg for isothermal and approx.

230J / kg for adiabatic conditions and is thus much smaller than teatla

transformation heat calculated above, which is completely dissipated into
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the environment under these stationary transformation conditions

(F=0, $¢=0).

The energyl15J/kg corresponds rather to the heighig. 3) of the en-
ergy barrierFg (3.1.5), which has to overcome the martensite lmpmohd-

ary that grows bypsettingsingle martensite micromonodomains. This en-
ergy is released after crossing the barrier. The energy barrier is so low

Fg - O that the martensite boundary is in an almost indifferent equilibri-
um on the flat bottom of the potential functi®i(€) (Fig. 3) in therange

0<€&'<1. The martensite boundary moves during the slow heating process
at the same temperaturé0.4 C (Fig. 21 &, 127 C (Fig. 28 b and
11.9 C (Fig. 29 b) forwards [engthening or back ghortening.
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Fig. 29 Change in lengtfDL(t,T) of a Cu- 15.2at%Al - 16.6at%Zn-(100) single

crystal HTII) due to adiabatic growdbhrinkage of the martensite bar), (ndiffer-
ent equilibrium at the temperatufe® 12 C and disturbance of the indifferent equ
librium through an elastic impulsb)( tempeature jumpsDT (t) in the dynamic

range at the equilibrium disturbana@. (

’F
If the indifferent equilibrium %?0 0) is disturbed by an elastic im-

pulse, e.g. by a light click on théu-thermostaton which the sample is

lying, the martensite boundary goes completely crazy: It fbesard and

reverseat multiple velocity of (0.8 1.1) A0 3m@& 1 through the entire
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length of the sample with gaudy acoustic signals at the turning pbigts (
29 b right) and at first appearance ignores all physical laws. The

(DL - T =-diagram shows negative hysteresisA{ <M ¢ ), so that a tem-

perature jump appears on tlie- t)-diagram Fig. 29 9, which can only

be explained by heat capacity jump and, according to the Ehrenfest classi-
fication, would only be expected for thend order phase traftsmations
Such behavior of the singfghase boundang similar tothe formation and

movement of a soliton theoretically descritiydFalk [43].

It can at that transformation be the talk neither about a specific local
equilibrium temperaturd,' nor about a hysteresis in the usual sense, let
alone about any approaches of the thermoelasticity model. Even under the
same stationary conditions, the martensite band is formed at different tem-
peratures in the range ql0- 14) C. The width of the hysteresis also
changes without recognizable laws in the range f(bm2) C to 0 C un-

der dynamic conditiond={g. 29d) or even in the negative randdd. 29b).

The Al awlesso behavior of t he mart e

neither controlled by temperaturea , f(T)) nor by external stress

(em . T(s)), is possibly to explain by the uncertainty of the Clausius

m

PSAl\/l 0
Clapeyron ratio (2.1.7) at 5 0 for the almost 2hd order transi-

tions Fig. 289, to which A2 M™ austenitemartensite macro-
monodomain transformation may belor@n the other hand, the behavior

of the martensite macromonodaime is not so lawless at all if it is consid-
ered relative to the behavior of the excited interaction potential as their ref-

erence system.
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The band kinetics of the homogeneous martensitic transfiomsadfter
the heat treatment HTIl can bassociatedwith the heterogeneous

B2+ DO3 austenite mixture in the high temperature rangehasTEM

investigations showHigs. 30 a, c, 3l The darkfield images in reflections
from both austenitg@hases show a homogeneous distribution of the both
phases through thgpecimenvolume Eigs. 30 c, d, which results from

slow cooling through the temperature range of flt&;-ordeing [50]. The
partial rearrangement of thB2-phase into theDOs-phase [tig. 30 a) is

energetically favorable, since it minimizes the concentration of excess non
equilibrium vacancies of th€u-based SMA& with the composition be-

tween two stoichiometrge

Calorimetric data show in these samples approximately halved \ailues
the B22 9R transformation entropy compared to iGe- Al - Zn- spec-
imenstreated according to the HTI and HTIII methods. The entropy differ-
ence can be @kained by the transformation of only ti&2-phase into the

B2

m

B2 + mPOs

9R-martensite, the phase fraction of whig?? = , Similar

to (4.2.15), should be aroumnd 60%, while all calorimetric prameters are

calculated B dividing the measured valueby the specimen mass

M =mB? + mPOs.

This means that, for example, the measured transformation entropy de-

m9R

———, but also on
mB2

pends not only on the martensite phase fracton =

the austenite phase fraami 2 B2
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Fig. 30. Electron diffraction from thé82 + DO3 austenite mixture of
Cu- 15.2at%Al - 16.6at%Zn single crystalsHTII), foil surface(100g, (a) and
from 9R-martensite, foil surfacél10gR in tetragonal axedy; Dark field images in

reflections (100 g, (c) and %1108 (d).
¢22 -po,

: ‘M P
If the transbrmation entrop;,DsA'VI for the 100% sample corresponds
to the completeB2- 9R martensitic transformation, a transformation in-

completeness parametier can be introduced similar to (4.2.14):
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This parameter is equal to the phase fraction of the unconvéxted

austenite. This rule can be applied not only to the composite structure of

the B2+ DO3 austenite, but also generally taransformationwhich for

whatever reason is incomplete.

The stress drop in the strestsain diagramHKig. 26 HTII) is due to the

fact that the velocity3Q0 451 calculated from theDL (t) -diagramg(Fig.

46 a, b also measukdepends on the deformation caused by the explosive

formation of the martensite band and its expansion, the constant defor-

mation velocity 240 °s'! of the tensiorcompressiormachine exceeds
more than an order of magnitude and can first mgdo be controlled by

the external stress.

So, different kinds of transformation kinetics of the same
Cu- 15.2at%Al - 16.6at%Zn-(100) single crystals are determined by the

starting austenite structure depending on the heat treatment. Threqui
um structure of this alloy with a usual composition between two stoichi-

ometries is a mixture of two stoichiometric austenite phases.

Crystallographically identical martensitic transformations of homogene-
ous and heterogeneous austenite have differeatiés: Nucleation of sev-
eral martensite micromonodomains and increase of the phase fraction of
martensite by increasing its density during the deformapaone(nuclea-
tion kineticg or formation of a single martensite macromonodomain and its
propagatiorthrough movement of a phase boundary surfacee(growth

kineticg. The heterogeneous strasduced martensitic transformation is
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energetically more favorable for the homogeneous austenite and the homo-

geneous for the heterogeneous austenite.

The multiplemartensite micromonodomain kinetics is similar to the het-
erogeneous plastic deformation due to multiple sliding of dislocations,
while the single martensite macromonodomain kinetics is very similar to
the homogeneous plastic deformation due to the foomatnd expansion
of single or several liders bandsHig. 26), andit hasthe same energetic

reason.

These single crystals show development of specific dynamic shear struc-
tures in the premartensititate(Mg <20 C <Tgp) of the metastableB2-
austenite phasd-igs. 31 a, B, which can be registered through distortion

(diffusion scatteriny of the austenitic main reflectiond@10)g, and the

appearance of diffuse satellite reflections in thanity of cc|: % 1,08
g —_—

3
(Fig. 31 ¢ before9R-martensite is arised dt< Mg (Fig. 30 b).

Flg 31 Dynamrc shear structures in premartensrtlc temperature ywgd >T'y of
the metastabld32 -austenite of aCu- 15.2at%Al - 166at%Zn-<100> single crystal

(HTI) (a, b); Electron diffraction from the same area with diffuig&110 extra re-

flections, foil surfacg11) g, (C).

Theseresults show that neither the martensite lamellas nor the marten-
site band correspond directly to the martensite macromonodomain defined

in 83.1.1. The martensite lamellae represent single martensite mi-
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cromonodomains oriented in the opposite directioreir tgroups tvins)
that have grown together with zero overall deformation as dynamic unsta-

ble martensite nuclei in the premartensitic temperature range, which build
A'M [ phase boundaries with the metastable austenite. The transformation
temperature of martensite micromonodomains depends on the mechanical

stress according to Clausti@apeyron equation, while the equilibrium

temperaturely between the stable austenifeand the martensite macro-

monoamain M™ is a material constant, which marks the upper validity

limit of the ClausiusClapeyron equation.

The martensite band is an areald martensiticphase that is only par-
tially monodomainized (85.4.1) due to external stress. The tempeaodture

its local equilibrium with themetastableausteniteTy'(s) is also deter-

mined by the ClaussiClapeyron equation in relation to the external stress.
Nevertheless, the two types of martensite can be viewed as parts of the

guantized energy spectrum (3.1.2) in accordance with CODEM.
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5.2 Effect of stacking fault energy
5.2.1 Change in stacking fauéinergy due to aging

The ferroelastic deformation of a SMIpecimenn its martensitic state

in the temperature range<M ¢ <Ty' is only caused by the movement of

twin boundaries, i.e. partial dislocations in the martensite phdse ulti-

mately leads to its monodomainization by reorientation of mi-
cromonodomainswhich are negatively orientedelatively the external
stress axis. The ferroelastic hysteresis is thus determined by the mobility of
these twin boundaries or by the stacking fault enertis in turn depends
strongly on the concentration of point defectac@ancies, selfiterstitial
atoms, foreign atoms, ejc.The hysteretic behavior of the ferroelastic de-
formation of SMAS is, as already shown in 84.5.3, completely similar to
that of the magnetization of ferromagnetic materials [10, d&j 14], in
which the hysteresis is caused by the energy dissipation during the reorient-
ing movement of magnetic domain boundaries because their friction on

points defectspginning).

The cu-based SMA& with an ordereds2 austenite structure contain
many excess, neaequilibrium vacancies because of their composition is far
away from B2-stoichiometry. It was assumed [92, 93] that the martensite
stabilization in these SMé& is related to the high mobility of the ron
equilibrium vacancies created by quenching at HTIII, evethatroom
temperature, as the pseudoelastic behavidCwf Al - Zn single crystals
after heat treatment HTIII alsreveals fig. 26 ¢. It can be assumed that
aging after the quenching leads to a more stable equilibrium distribution of

the nonrequilibrium vacancies.

The ferroelastic behavior ofu- Al - Zn single crystals was investi-

gated in the fresh quehed state (HTIIl) and after aging duririgh and
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one monthat the room temperatu(€igs. 32 ac). A unique behavior of the
fresh quenchedpecimes was discovered, which rather corresponds to the
behavior of a viscous liquid and nosalid (Fig. 32 . The maximal am-
plitude of the ferroelastic deformation is not only achieved with minimal
tensionrcompression external stressegy( 25 b hysteresis loop)land ac-
cordingly with almost zero ferroelasticity coefficients or with almosb zer
energy dissipationHig. 25 ¢ line 13 on thesingle crystalline specimens

with orientation of the longitudinal axi§l00) of the lightest ferroelastic

deformation, but also with orientatigh13) (Fig. 32 ).

In practce it looks like that the specimens with the orientation of the

longitudinal axis(100) clamped in a simple device candteroom tempera-

ture with bare hands slightly deformed ferroelastically up to an amplitude
of 15%. You can visually observe the movement of monodomain bounda-
ries on the polished surface and clearly hear loud specific crunching, i.e.
perceive intense AE signals without any technical effort. The behavior
serves as an absolutely clear demonstration oferation processes in

martensite during its ferroelastic tensioompression deformation.
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Fig. 32 Ferroelastic hysteresis loops of tBe- 15.2at%Al - 16.6at%Zn-(113

single crystals after quenching fro8%0 C in cold water HTIII): ai fresh
quenchedb i after 24h andci after one month aging at the room temperature.

However, the service is not lofgsting: The martensite strengths no-

ticeably already after a few deformation cycles. The sameédap after
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aging atthe room temperatureFHgs. 32 b, ¢. The hysteresis width only

increases by increasing the ferroelasticity coefficiept without the de-

velopment of latent hysteresis. This leads to an increase in the dissipated
erergy Fig. 25 g lines 1a, 1b, 1) which depends parabolically on the fer-

roelastic deformatiores in completed partial deformation cycles in the

absence othelatent hysteresi®s| =0 (4.5.18).

Since there are no phaeundaries in the ferroelastic deformation pro-
cess, and the reorientation of martensite micromonodomains comes about
exclusively through the movement of twin boundarregcomonodomains
boundarie$, such behavior can obviously only be achieved throughgh
es in the stacking faults energy due to the migration of excess vacancies
into this. The vacancies diffuse with the aging time, accelerated by the

stress gradientEV: - gradys in the vicinity of stacking faults, to the twin

boundaries, settlthere and thereby reduce their mobility and thereby in-
crease the stacking faults energy. The tdependent stabilization process
can also be described by the Arrhenius equation (5.1.1), and its activation

energy can be determined experimentally.

In view of the concept of two energetically different martensite states
with and without substructuiierepresented here both the stabilization and
degradation of the martensite and the great sensitivity of the local equilibri-
um temperaturdy' to all possible influences can easily be explained. Any
change in the density of internal defects in martensite, as well as any
change in the stacking fault energy, e.g. by adding vacancies, by alloying

with different alloying elements not only changée tlocal equilibrium
temperaturely', but also the hysteresis width of t#* M P martensitic
transformations. From this point of view, one can perhaps better understand
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the very complex effects of the thermmeechanicalreatments on the char-

acteristic transformation temperatures and on the hysteresis parameters.
5.2.2 Increase in stacking fault energy due to electron bombardment

In order to investigate the effect of stacking faults on the transformation
temperatures and hysteig in more detail, the surface of polycrystalline
Ti - 50.5at%Ni -specimerwasbombardedat the room temperature in a com-

pletely martensitic state by strong electrmpulses withamperagealensity

Jel =10" A/ m2, acceleration voltagdJe =5A0" or electron energy
Ep = 250keV, impulse duratiortjmp =500 s (Fig. 33 @ and diameter

D =10 ?m of the round attack surface [94].

The structural changes in the bombarded surface zone were examined by
X -ray analysis. The hysteresis looz$T) were recorded directly by
changes in the intensity of t{z10)g, austenite main reflex of th#liTi-

specimerwith temperature changes in a tempera chamber placed on the

goniometer of the diffractometer:

(1105, (T)
11105, (T2 Af)

Z(T) =1- (521)

The electron bombardment &fiTi- specimensn a completely marten-
sitic state leads to the expansion of the transformation hysterepiddo
lower temperatures compared to those of the imspi@lcimen(Figs. 34 a,
b). This expansion takes place by lowering the transformation temperatures

M and Agso that up to30% austenite appes atthe room temperature
after electron bombardment, while the temperatuvesand A; remain

practically unchanged{g. 34 a hysteresis loop)2
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The presence of the austenite phastharoom temperature aftehé
electron bombardment also indicates that the temperature of the bombarded

surface zone rose above a temperatiy& T < A¢, i.e.40C<T<90C

(Fig. 34 a hysteresis loop)lduring the electron impulse duration, and that
a partial everseBl9- B2-transformation took place. This temperature also
results in the calculation of the Joule heat using the parameters of the elec-

tron impulse:

_ Jel CDJeI Qmp +
(r @p)NiTi DReff

20C°80C, (5.2.2)

where r andcy, are the density and the heat capacity of Xh&i-SMAGs,

Res IS the effective penetration depth.
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Fig. 33Bombardment scheme and oscillograms of the eleatipalsescur-
rent and voltageal] as well as diffactograms of the nedeformed initial sam-
ple and of the tensile amdmpressiorsides of the polycrystalline

Tig 495Nig 505-Specimerdeformed in a special proce$s.(

The expansion of the hysteresis loop is, as partial transformation cycles
show (Fig. 34 b, due to the lowering of the equilibrium temperature,

which is sensitive to the stacking fault energy. The stacking fault energy of
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the martensite phase can, as it was demonstrated in the previous section, be
significantly increased by introdurd defects into the bombarded surface
area. However, it is not entirely clear, which defects are supposed to be in-
volved in the bombardment by light electrons with an impulse duration in
the nanosecond range. The bombardment electrons could only stithalate
electron system and hardly the phonon system in the bombardment zone in

order to remove the heavy atoms from their positions in the crystal lattice.
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Fig. 34. Hysteresis Ioop(;l- z) vs. T in complete &) and m@rtial (b) B22 Bl19

transformation cycles of the initial speciment{ysteresis loop)land the same
specimens after the electron bombardmantysteresis loops, d) together with the
fragments ofX -ray diffractogramgb) with martensite reflexeéhkl)m as shown in

the figure 33 b and the austen{te.0)g, main reflex.

The bombarded surface shows traces similar to the material evaporation,
which could cause the formation of radiationet#$ yacanciey and com-
pressive stress in the top layer. The temperature increase calculated in
(5.2.2) during the electron bombardment can only be a matter of sublima-
tion by reaching the critical sublimation pressure on the surface of the
bombarded SMAspecimen.

On the diffractograms from the bombarded specimen surface, a redistri-

bution of intensity between martensite reflexes with a factor

Kipt (11])”‘ > A (Fig. 34 b can be clearly seen.
l117)
m
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The electron bombardment therefore significantly influentedstruc-
ture of the specimen through strong electetectron interactions. In order

to investigate this effect in the entire penetration ddRfp of the impact

zone, material layers db - 10)pum were step by step etchaday, and the

diffractograms were recorded at each stép.(35 ).
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Fig. 35 Distribution of the quasiplastic martensitic deformatigy{X) through the
penetration depth together with the corresponding diffractogram fragnagais (
well as of the dynamic internal stres&'gt(X) and the electron energy losses
Q(X) (b) during electron bombardment.

The effective penetration depth of the electrons with en&gwhen

bombarding metalwith density  is theoretically:

Reft @G/ r G @30/, (5.2.3)

whereb is an empirical parameter related to the atomic number of the met-

al. The electrons lose all their enerfy along this route, which creates a

shock wave that acts in this zone. The experimentally measured length [94,
95] of this shock wave is approx20rm (Fig. 35 @ and agrees well with

the calculated penetration depth of electrons (5.2.3).
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The intensity of the X -ray diffraction reflexes is determined by the
plain frequency factor under the same other conditions. The plain frequen-
cy factor is the number of atomic planes with the s@2meBragg angle. If
the orientations of these atomic planes are distributed equally, the reflex
intensities are also statistically distributed equally. An intensity redistribu-
tion between the martensite reflexes naturally occurs in the case of marten-
sitic deformation through maadomainization or texturing of the martensite
polydomaines under the action of external or internal mechanical stresses.
The quantitative relationship between the martensite deformation due to
mechanical stress and the intensity redistribution had beestigated and

defined experimentallyHg. 33 b).

Since the X -ray diffraction recordings require the flat specimens, the
same polycrystallineNiTi-specimensn a martensitic staterere deformed
into steel ring with different radiiand aged.bh at 400 C in order to relax
the stresses84.5.1,Fig. 21 b caused by the force memory effect during
the recovery attempt by plastic deformation, and to fix the ring shape as the
low temperatte shape. When straightening to a flat shape, the specimen is
deformed quasiplastically, namely stretched on the indelesi(e defor-
mation) and compressed on the outsid®npression deformatipnThe

deformationvalue isdetermined by the radius of the steel rings and the

thicknessX of the SMAspecimeng, :%OOC% (Fig. 34 b.

The intensities of reflexe§l1l)g1g and (020)g;g measured on the

specimens deformed in this waye significantly greater on the compres-

sion side than those of reflexésl1)g;g and (002) g g, while the ratio is

inverseon the tensile side. As already explained, the reflex intemgity

is determined byhe plane frequency factor, i.e. by the numbgpy of
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atomic planes involved iiX -ray diffraction with the Brag angl2g :
I(hkl) ! N(hkl) . (5.2.4)

The reorientation flonodomainiation, texturing of martensite poly-

domains Fig. 2 b) takes place through an increase in the number of mar-

tensite polydomains or positively oriented atomic plame(J%kD that are

favorably oriented relative to the external stress axisthen signs, the
displacement of which results in a positive deformation contribution in the

direction of the stress axis at the expense of negatively oriented atomic

k)’ similar to how it was treated in §3.1.1 and 84.4.4.

planesN

The tdal deformation can then be calculated using the ratio between

these numbers or reflex intensities:

- +
1- N /' N 1

» (hk)) hk - Ky L
&q(s) =gy O—— 0D =gy O— LG, (5.2.5)
1+N. /N 1+ K
(hk0) (hkI)

where Kj <1 is always, and a4, is a conversion symbol

£ 1 wennKj =Kpp<1 _
dj =] similar to the Kronecker Delta. The ratio
'f- 1, WennKij = K21<l

(5.2.5) agrees well with experimentally measured deformation véHigs

33 b, but only up todeformation ey(s) ¢ 5%. The discrepancies in the
case of larger deformatiorg, (s) > 5% apparentlyarise from a change in

the deformation mechanism from pure reorientation of the martensite phase
to another in the case of higher stresses, which has also been approved in

resistometristudiesof the ferroelastic deformatidig4.2.3,Fig. 11 ¢ .

With the help of this method, the profile of dynamic compressamsile
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dynamicstresses acting during the irradiation was investigated on the basis
of the remaining quasiplastic martensitic deformatieig.(35 @. Howev-
er, the intensity ratios in bombardsgdecimensdiffer from those in me-

chanically deformed samplesThe intensity of the (002)g;9- and
(020) g1 g -reflexes remains unchanged and constant, while the intensity of
the (11)g1g- and (111)g g -reflexes is distributed in the same way as

with mechanical deformation and corresponds to equation (5.2.5 ). This is
explained by the symmetry effedthe electron beam acts isotropically in
two-dimensional atomic planes directed perpendicular to the baaial (

symmetry or axial textuyewhile the mechanical stress agtsaxial

The dynamic stress distribution is like that of shock wave through the
depth of the bombarded zone. Compressive stresses act on the surface,

which change to tensile stresstla¢ depth X © 30um. This creates non

deformed zone, which is responsible for the originalesbf the trans-

formation temperaturebl and A; . The profile of dynamic stressdsig.

35 h left ordinate axikis a structural image of dynamic processes that take
effect in the bombarded zone in the nanosegandge and that would be

impossible to record in real time.

This profile Fig. 35 b right ordinate axi¥ is a direct derivation of the
distribution function of the electron energy losses through the penetration
depth [94, 95]:

s(X) =- grady [U (X))], (5.2.6)

where U(X) 1 P@(X) is the interaction energy between impulse elec-

trons and the electrgohonon system of the solid arl is a coupling pa-
rameter. The latter allows a quantitative relationship between the dynamic

stressand the electron impulse parameters to be restored, if it can be de-
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termined experimentally. So, this property of S&Aan also be called and
used as a memory for the effects of impulses with a duration of up to nano-

seconds.

The X -ray diffraction takes place in a surface layer with a depth of

(20- 30)/m. The intensity losses iX -ray recorded from these depths are
(75- 95%. In this zone, quasiplastic martensitic compression def@mat

has been proven experimentallyig. 35 @. The dynamic compression
causes intense sublimation on the surface, which results in the formation of
radiation defects in the surface layer. The absorption of the radiation de-
fects through the stacking faulessads to an increase in the free energy of

the martensite. This lowetkelocal equilibrium temperaturédy' (Fig. 1 b)

and thus théransformatiortemperatured ¢ and A (Figs. 34 a, .

Such extnded hysteresis loops are sometimes useful for practical appli-
cations and are otherwise brought about by creating artificial structure gra-

dients in complex structureédMA-specimen$96-98].

5.3 Martensite nonodomainization as a stabilization mechanism
5.3.1 Martenste stabilization through ferroelastic defoation

With the thermenduced martensitic transformation, up to twelve dif-
ferentorientationvariants of martensite polydomains arise through shear in
24 energetically equivalent shear syst€g®4.4,Table 3. The formation
of a martensite monodomain is only possible with the transformation in an
anisotropic stress field, e.g. under uniaxial external stress or by reorienta-
tion of the thermeanduced martensite. Complete monodomainization,
however, is only achie@d through complete cycles of ferroelastic tension
compression deformation of 8MA-specimenin the martensitic state
(T<M; <Tp').
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Investigation of the temperature dependence of the mechanical hystere-
sis in the transition from pure pseudodatagtnsioacompression hysteresis

in the austenitic stateT > A; >Ty") via the mixed hysteresis in the two
phase temperature ranfye; <T < Ag to pure ferroelastic hysteresis in the

martensitic stateF{gs. 22 ac) with a stepby stegp temperature decrease
showed not only none temperature dependence of the mechanical hystere-

Sis, but also a very surprising effect.

After the measurement run of the mechanical hysteresis with a tempera-

ture decrease frorm > As >Ty' to T<M¢ <Tp', the return run of these
measurements with a temperature increase frodmM; <Ty' to
T>A; >Ty', i.e. back to the pseudoelastic hysteresis, was no longer pos-

sible, or the transition from ferroelasticity to pseudoeldgtivas not
achieved. Thespecimenremained inits martensitic state in a temperature

range well above the finish temperatuke of the thermenduced reverse

transformation of thénitial specimenin order to investigate this behayior
small pieces for calorimetry were cut out of the monodomainized samples

with a completely structureless, smooth surface and examined [13, 14].

The calorimetric results showed that the martensitic reverse transfor-

mation of a martensite macromonodomainated by ferroelastic defor-

mation cyclesinto stable austenitt™ A takes place during the first
: m_ P. A _
heating at elevated temperatureésf'vI A= A'f\’I A +(50- 100 C

(Figs. 36 ac). This reverse transformation temperature¢his higher, the
broader the initial thermal hysteresis loop(Cu- Al- Mn and
Cu- Al - Ni- single crystals compared t€u- Al - Zn single crystaly
and the larger the amplitude of the ferroelastic deformédden.
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These tests shovhdt the martensite macromonodomains produced by
cyclic ferroelastic deformation participate in the ferroelastic deformation,
but are no longer transform intbe metastable austenit& when the tem-

perature rises above thetial tempeature rangeM ¢ - Ag .
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Fig. 36. Calorimetric measurement curves [13, 14]: Temperatures of the ma
sitic reverse transformatior’d ™ A during the first heating (1h), o~ M P-

transformation durig the first cooling (1c) and o1 - A -transformation dur-
ing the second heating (2h) of t@- 24.0at%Al - 4.7at%Ni-(110) single

crystals after the ferroelastic deformation cycles with amplithé =8% (a)

and De}!' = 4% (c) as well as theCu- 20.7at%Al - 10.7at%Mn - (110 single
crystals with a strongly developed block structure after the ferroelastic defo
mation cycles with an amplitudée']y' =8% (b). Transformation enbpy (d) of
the Cu- 15.2at%Al - 166at%Zn-(110) single crystals, HTIgamplel) and

HTII (sample 2in the initial state 0 =0) immediately after their stabilization b
ferroelastic deformation(=1, 1h and 1c) and in further thermal cyclesg¢ 2).

The reverse transformation takes place at elevated temperatures and

shows explosiveM ™ - A-transformation kinetics in a narrow temperature

- MTA MTA - - -
interval Aq - At or ocairs in several discrete steps with shsep-
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aratemaxima. The number of such discrete maxifigg. 36 b, ¢ is obvi-
ously intended to be the number of substructureless macromonodomains of

different sizes.

A

m
The latent transformation hee[DqM i measured during the first

heating is the same as tHEmM A"in the initial specimen. This contra-

dicts the data measured on monodomainized polycrystalWi@i-
specimens [19, 20], which report not only an increaseadrrélierse trans-
formation temperatures up @0 C, but also an increase in the latent trans-

formation heat up to a contribution dJ /kg.

The increase in the latent transformation heat would mean a reduction in

the internalenergy of the monodomainized martensite compared to the en-

m m p P .
ergy U MT =M (T=0)<U MP = gM (T =0) of the martensite poly-
domains and would also lead to an increase in the reverse transformation

temperature with the same entropy valudgring the first heating
psM A = pgM A1, =DM "A = pgM A 1T (Fig. 1 b).

m
The entropy difference DsM A between a martensite macro-

monodomain and the stable austenite is accordingly smaller than that

P A : . :
DsM A between the martensite polydomains and the metastable austenite
In these calculations, the equilibrium temperatures were placed in the mid-

dle of thetransformatiortemperature range for the sake of uniformity, even

o m m ~
with discrete shapes of the measurement cuTyesgébsM Al A?" A2
C -

p

' PA O : :
and Tp'= Ay A?" A 8/2 (Figs. 36 b, 9. Discrete reverse transfor-

O‘%;Jo
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mation indicates that the monodomainized martensite consists of several
large macromonodomains with different degrees of monodomainization

and, accordingly, with different reverse transformation temperatures.

Smaller trasformation entropy means that théerencein slope of the

straight linesFM IO(T) and FA'(T) has become smaller than that of the

straight linesF M m(T) and FA(T) (Fig. 1 b), either becausdn¢ entropy

S = Sconfig + Svib Of the martensite monodomain is greater than that of the

: .MM P : .
martensite polydomanﬁs'vI >sM” due to greater configuration entropy

m p . .
SC'\gnﬁg >SC'\gnﬁg, or because the entropy of the metastable austenite is

greaer than that of stable austenig® > S” due to greater vibration en-
A A
tropy Syib > Syib-
Such a stabilization effest/as also registered by resistance measure-

mentsDR(T) (Fig. 10 ¢ hysteresis loop)2The phase fiion of the stabi-
lized martensitezg/I P (subscripts) can be calculated from the difference

in reS|stanceDI'-\’s'vI A petween the electrical resistance of the ingaeci-

menand that of the ferroelastidyaldeformedspecimerwith part of the sta-
bilized martensite (4.2.14).

The martensite monodomains stabilized from the thendoced trans-
formation by reorientation and thus eliminated from the transformation cy-
cles generate internal stress fields in thetenite, which have an important
orienting effect on the nucleation and growth of reversible thenchaced

martensite polydomains for the tweay shape memory effect (84.5.1) .

All these martensite stabilization effects, also incorrectly called hystere-
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sis expansion effects [9201], were explained in most research vgosk

the result of the blocking of phase or domain boundaries by various irre-
versible defects such as dislocations, vacancies, inclusion atoms or their
combinations, i.e. as the result of external influence on the movable in-
ternal martensitic boundaries and not regarded as the specific and funda-
mental difference in properties between a martensite macromonodomain

and a martensite polydomain, as it was first claimed in [13, 14].
5.3.2 Martensite sabilization by mechanical impact

In order to clarify the role of irreversible defects such as dislocations in
the martensite stabilization, a rolled and standard-theated KTI) poly-
crystalline Cu- 13.4at%Al - 4.0at%Ni-specimenwas treated in its two

pha® state atheroom temperature by mechanical impact, steot through

by a projectile with a weight of approk0 2kg and avelocity of 200m/s.

The X -ray diffractograms of thepecimengut out at theedge of the
penetration holeHig. 37) show an intensity redistribution of tl8R mar-
tensite phase reflexes and a reduction in their number as well as in the in-
tensity of B2 austenite reflexes. This points to theatefation of the mar-
tensite due to reorientation of therimoluced martensite polydomains or a
strong texturing of the martensite phaBgy(33 b) [85, 94,and95] as well

as the pseuddtastic deformation of thepecimerdue to the transformation

of the remaining austenite into the monodomainized martenite M m
The increase in the ratio of the width to the height of reflexes is evidence of
intensive plastic deformation of martensite under the action of mechanical
impact.

The effect of tlese factors on martensite stabilization is shown by the

transformatiortrajectories calculated from calorimetric data in subsequent
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heatingcooling thermal cyclesHig. 38). The martensitic reverse transfor-

mation does not take place during the first hggitmthe temperature range
As- As  of the initial reverse MP- A-transformation #&pprox.

(40- 70)C) of the initial specimen, but at much higher temperatures in the

range of approx(90- 140) C (Fig. 38, line 1H.

m
The measured latent transformation h@q{\" Als only approx.40%

- PA :
of the same as the initial latent heanM A" of the reverse transformation.

This means that the rest of the martensite ploase0% (4.3.2) still re-
mained irreversible. In the subsequent cochegting cycles, the forward
and reverse transformations of the martensite polydomains restored by the

first heating take place again in the nornfds- M) and (A5 A¢)

temperature ranges for the initial specimeig (38, lines 1c, 2h, 2c¢, 3h

450 -
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: i o CuAINi poly
, | e 081 el Ny, | feing andcooing
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Fig. 37. The X -ray diffractograms Fe- |Fig. 38 Calorimetrically determined
radiation) recorded from transformation trajectoriegT) of the
Cu- 134at%Al - 4.0at%Ni polycrystal- | samespecimensn the first heating (1h)
line initial specimensittheroom temperaq after impact and further coolingeating
ture in theB2 + 9R-state 4bove and after| thermal cycles (¢ cooling hi heating.
the impact lpelow).

When thespecimerwas in the calorimeter further heated to 0860 C
during the third heating (3h), the remaining par66% the stabilizd mar-
tensitetransforms ina temperature range ¢800- 360) C into the austen-
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ite. During the subsequent cooling and heating, the complete forward and
reverse transformations of tispecimerntake place again in a temperature
range normal for theitial specimen(Fig. 38, lines 3c, 4h The tempera-

ture shift between transformations trajectoriéig)(38, lines 3c, 4t can be
simple explained by the different scanning rates during the 3rd
(F=10K /min) and 4th #=5K/min) cooling [51]. The measurement
results are independent of the distance to the penetration hole, which
proves that the shock wave acted with the same intensity through the entire

sample volume.

These results show that the martensite phase was stabilized meth
chanical shock effect by two mechanisms. The first is the same as that for

the abovediscussed increase in the reverse transformation temperature up

_ m P A _ . .
to 100 C (AfM A= A?" A +100 C) after the ferroelastic deformation cy-

cles Figs. 36 ac): monodomainization and texturing of the initial differ-
ently oriented thermanduced martensite polydomains through reorienta-
tion during the mechanical shock impact. This is supported by the quantita-
tive increase in the initial reverse transformationgeratures in the same
range of (50- 100) C (Fig. 38, line 1H.

The difference tasingle crystalline ferroelastically deformespecimen
is that the reverse transformation of the martensite monodomains created
by the shock effect in polycrystaik specimensioes not take place explo-

sively in a narrow temperaturange A5 - A¢ , but in a temperature range
Ag- A't, which is even50 C greater than that in the initizpecimens

This is obviously due ta much more complicated than uniaxial mechani-
cal action on the martensite polydomains of a polycrystadimeezimerand,

accordingly, on a much larger number of energetiaiiffgrent e.g. due to
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the reorientatiomlegree martensite monodomains.

A similar picture was also observed@u- Al - Mn single crystals with
a strongly developed block structure, in which the reverse transformation
after the ferroelastic deformation cycles at elevated temperatures consists
of severakingleexplosive rgerse transformations in an extended tempera-
ture range Kig. 36 b. The ferroelastic deformation with smaller ampli-
tudes evidently produces a mixture of martensite variants with different
monodomainization degrees, which leads to the similar reversearansf
mation kinetics of theCu- Al - Ni single crystals Kig. 36 ¢ compared
with Fig. 36 a).

The second stabilization mechanism can also be explored through the
experimentally determined increase in temperature of the reverse transfor-
mation for 60% of the remaining stabilized martensite. It is well known
from materials science that the relaxation or recovery of the plastically de-
formed and by metastable dislocation structure hardened metals occur by
the thermally activated moventeof dislocations. This movement begins
when the activation energy in Arrhenius equation (5.1.1), which is charac-
teristic for each metal, is reached when heated above a critical tempering

temperaturel, ° 0,40, where T,;, is the melting temperature.

The tempering temperatureTg © 543K for copper, i.eapprox.270 C

for shocktreatedCu-based SMA&s specimensThe reverse transformation
of the remaining stabilized martensiexperimentally determined by heat-
ing directly in the calorimeter, also takes place in the temperature range
from (300- 360) C (Fig. 38, line 3h with 60% of the measured latent

transformation heat of the initigbecimensSo,the second mechanism of
martensite stabilization is its hardening throtigd trueplastic deformation

or through intensive multiplication of dislocations within the previously
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monodomainized martensite, which makes it irreversible up to the temper-

ing temperatureT, .

It can be concluded from this that the deformation of a Syécimen
during the impact runs through the entire stgssin diagram known for
SMAG with an elastic area, a quadastic flow by reorientation and partial
monodomainization of martensite polydomains or a pseudoelastic flow by
the stressnduced transformation of the existing austenite into the partially
monodomainized martensite, the second elastic area tamel@astic flow
hardening of the martensite by hmplying and moving dislocationsip to

the breaking point.
The martensite is stabilized by the two flow mechanisms and eliminated

from the martensitioM P 2~ A'-transformation, which is reversible at nor-
mal transformation temperatures arouhd local equilibrium temperature

To', until it is heated, initially through the temperature
m P A :
A?" A>A¥/I A>To' and finally through the temperatufe> Ty .

The two stabilization mechanisms, monodomainizatiom (d en® and
plastic deformation by multiplying dislocations ( d e ¥ cafi becclearly

differentiated experimentally through the temperature differences
—_ M mA 10 \ ( — _ 0 \ (
DTy, = Af - Tp'®° 60 C and DTy =T, - Tp'© 300 C.

The knowledge obtained here about martensite stamlizahrough
monodomainizatiorwithout plastic deformation plays a decisive role for
practical applications of SM& as actuators that can be stressed cyclically,
such as e.g. [585]. The degradation of the shape memory properties with
the number ofctioncycles, which can be attributed to martensite stabiliza-

tion, is the fundamental problem for such applications.
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Now the problem can be solved in that the device with the SMA
actuators bya shortheating, e.g. is treated lay electrical currentmpulse

orin a drying oven up to a maximal temperatiifg, = As +100 C. Such

a short lowtemperature heat treatment completely restores the shape
memory properties with the least amount of effort, without damaging the

nonSMA components of the device.

5.4 Local gabilization effects
5.4.1 Return pointamemoryin ferroelastic deformation cycles

The thermeinduced martensite polydomains represent all twelve orien-
tation variants, which make differedetermined by the Schmid's orienta-
tion factor m=cos (@og (84.4.3, Table 3 contributions to the marten-

sitic total deformation of a SMApecimerby a uniaxial loadin the mar-

tensitic state and are loaded diffefgn
At the first tensile Ioads}L >0 of the polydomain martensite, the mar-
tensitic yietl pointsc'jloy as the beginning of the quasiplastic martensitic de-

formation due to reorientation P - M ™" is about twice as highF{g. 39

a) as the tensile stresss}’ at e; =0 in further conplete cycles of the fer-
roelastic martensitic deformation, in which a martensite macromonodomain
M ™" created during tensile deformation is convertedriented into an-

other martensite macromonodomaih™ created durig compression de-

formation.

If the specimen is relieved again to the zett@sss =0 after the first
tensile load, the martensitic deformation is retairgeagiplasticity. This

deformation reverses only when it is heated above thealini -
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temperatureghape memory effgciA shift in the temperaturés in such a

typical shape memory method was not observed, or possibly not special
investigated. This means that the reorientation of the martgraiyeo-

mains takes place during the first tensile load without reducing the number

of internally martensitidM PM P polydomain boundaries.

200+ 80 -
Strejss, MPa Str;ss, MPa ?}Eess’.MPa " /
1203 48 - 1 (
80 1st cycle, 49 2 |
40 v o ;%/ j
0 /,//L 0 ﬁ

Hmfp/’l 16 / / = /

—80+ 32- [

—120- e / /j/[\é/

-160 - a 54-31/ c

7200;5‘-‘&”” ~£4 -8 18 54 90 ~5-4-3-2-10 1 2 3 4 0 i =2 -1 12z 3 4 &

Strain, % Strain, % Strain, %

Fig. 39 a: The first tensile load of &£u- 15.2at%Al - 16.6at%Zn-(100) single

crystal HTI) [14] and complete ferroelastic hysteresisc: Memory of internal
trajectories for the return points ofGu- 24.9at%Al - 4.4at%Mn-(110) single

crydal in different partial cycles of ferroelastic deformation [13].

Only the monodomainization with the annihilation of internal martensit-

ic M PM P polydomain boundaries and twin boundaristagking faulty
through complete cycles of therfeelastic tensiortompression defor-
mation creates a single or several martensite macromonodomains, which
transform into the stable austenite at considerably higher temperatures
T- To>Tp'.

Both the internally martensitid PM P polydomain boundaries and
twin boundaries or stacking faults annihiléte the fusion of prtial dislo-
cations to full dislocations under external stress. These then slide, driven by
mirror forces, to the edges of the single crystal or to grain boundaries
polycrystals. After several cycles of ferroelastic deformation, especially on

samples with large ferroelastic hysteresis, cracks and even breakouts of
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small parts appeam thespecimeredges.
Similar behavior was observed in the first cycle of congoesdefor-
mations; <0 on Cu- 15.2at%Al - 16.6at%Zn-(100) single crystals with

a narrow hysteresigig. 32 b and onCu- 24.9at%Al - 4.4at%Mn-(110)

single crystals with a much wider hysteresifig( 39 b. A
Cu- 20.7at%Al - 10.7at%Mn-(110)single crystal Fig. 40 &, however,

does not have this effect. It is evidently due to the fact that the single crys-
tal had already been subjected to a tensiledpfermation caused by inter-
nal stresses, whicls indicated by the asymmetry of the ferroelastic hyste-

resis loop relative to the zesbress axis.

The presence of differently oriented martensite polydomains that have
not been reoriented by tensile deformation or-aonihilated internal mar-

tensitic boudaries leads to an increase in the martensitic compression yield
point s , during the first compression load. The increase no longer occurs

in further deformation cycles. This appears in partial cycles as a memory of
internal deformatiortrajectories for the return points, designated hear as
the RPMeffect ReturnPoint Memory).

If the compression load is interrupted at one pdig.(39 b 1-5) and
reduced in a partial cycle, the yield point for the subsequent compressive
load is comprssive stress smaller than that in the first run, but comes to the
same higher stress value at the return point again. In partial cycles of ferro-
elastic compression deformation, two flow lines are formed: one for the

first run and one for the second andsedpient runs with lower stresses.

On the tension sides(; >0), this RPMeffect cannot be observed, or

only during the first tension load. Firstly, this proves that the thermo
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induced martensite is completely reoriented after the firstléelosd and

the subsequent complete compression deformation to a marteRsite-
monodomainM ™" | so that the ferroelastic deformation in the further runs

only takes place through the reorientatiph™ @ M™" . Secondly, that

the compression deformation in partial cycles only begins with the reorien-

tation M™ - M™ of the M ™ -monodomain created through theen-

sile stress in previous partial cyclésiring the first run before the return

point andcontinues with the reorientatioM P - M™ of the remaining

polydomain martensite only after the return point.
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Fig. 40. Partial cycles of ferroelastic deformation of the
Cu- 20.7at%Al - 10.7at%Mn - <110> single crystal fron the tension and
compression sideg), hysteresis degradation with spirally reduction of the f¢

roelastic deformation amplitude of the same single crystal in partial cicies
bothin the ferromagnetic axis representatj@and of a

Cu- 134at%Al - 4.0at%Ni - (100 single crystal ).

50+

0

Stress, MPa
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Strai

The RPM effect ensures that even the internal trajectories of the ferroe-
lastic deformation never intersect in a partial cycle. This agjaprovethe
Aexperi mental 0 r e Jhelpartwal hysaresis leops ad d
ways close at their return points at which they sth{ftig. 39 ¢ points 1,

2, 4). If the stress does not change its sign in partial deformation cycles, i.e.

st >0 remain on the tension side srf; <0 on the compression side, the

deformation remains elasti€i§. 39 ¢ line 3 with the elasticity modulus
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GM of themartensite.

If the internal hysteresis loops are driven in a spiral shape in partial cy-

cles with ever smaller deformation altydes Des (i) > De¢ (i +1) (Figs.

40 b, 9, the ferroelastic hysteresis also degrades to an elastic line due to

increasing ferroelasticity coefficienks (i +1) > k¢ (i) :

im k; =M. (5.4.1)
Def— 0 r

5.4.2 Return points memory ineémo-inducedtransformation cycles

The RPMeffect is also observed during the thermduced martensitic
transformations [13, 14]. Partial cycles of the thefinduced transfor-
mation according to the schentdeating in the temperature interval of the
revese transformation up to a temperature that decreases eactFime (
41 a):

T = As - i DT >Tjyy, (5.4.2)

wherei =1, 2,...,N is the cycle number, and subsequent cooling to the

same temperaturé <M ¢ in each cyet, lead to a specific change in the
kinetics of the final complete reverse transformation.

The calorimetric measurement cur¥ag. 41 g of the complete reverse
transformations recorded after this procedure (5.4.2) shows the fragmenta-
tion of the previougl single endothermic maximum into a series Nf
maxima. This RPMeffect, also called TAME Thermal Arrest Memory
Effect) [25] or SMART-effect Step-wise M artensite toAusteniteReverse
Transformation) [26, 27], consists in the revetsansformations being
slowed down at each of the return points, so that the calorimetric measure-

ment curve forms a minimum at every return temperature. The integrated
163



transformation heat of these multiple maxima is the same as the initial
transformation hat represented by a single maximum. This means that the
same martensitic transformation takes place here, but with different "step-

wise" kinetics.

The therma nduced martensitic transfor

with temperature changes as the appeardisappearance of martensite
polydomains in complete or partial cycles in a strict sequence: The poly-
domains that were last formed during the forward transformation disappear
first during the reverse transformation and vice versa, even if they are in-
cludedin the selfaccommodated martensite conglomerates due to their co-
alescence. Disappearance of a martensite polydomain as part of a morpho-

logically accommodated group is associated with the emergence of several

A'M P phase boundaries and kia radical redistribution of elastic stresses

and energy in the vicinity of this group.

The RPMeffect shows that the martensite polydomains, which disap-
peared last in partial cycles during heating and arise during cooling in the
same place in a sedfcconmodated group have a higher reverse tempera-
ture than those in the initial theramduced martensite polydomains. Ac-
cording to the concept of martensite stabilization through monodomainiza-
tion presented here, this means that this martensite polydomaat indml
to be classified in a changed stress field of aastbmmodated group of
remaining martensite polydomains, has a smaller stacking fault density
than the initial one, i.e. is partly monodomainized by the internal stress
field. The RPMeffect is basd on the preservation of the morphological

martensite structure that has arisen during the heating up to the return tem-

perature as a fimemory carriero dur.i

(5.4.2). If this morphological carrier disappears duringhing, there is no
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RPM-effect.
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Fig. 41 Partial reverséB19- B19 -transformation cyclesaf with a subse-
guent very pronounced RRBffect ), partial reverseB19- B19-
transformation cycled] without the subsequent RP&ffect of a polycrystal-
line Ti- 382at%Ni - 10.0at%Cu- 1.8at%Fe-SMA and a very pronounced
RPM-effect after partiaBR- B2 reverse transformation cycles of a

Cu- 20.7at%Al - 10.7at%Mn-(110 single crystald).

This is, e.g., the case whéhe transformation is interrupted according to
the similar scheme: Cooling into the temperature interval of the forward
transformation up to a temperature that rifes M +i T <T;,q Or
falls T, =Mg- i DT >Tj, each time and the subsequent imgato the
same temperatureé > A¢ each timeig. 42 b), at that remains no trace of
the martensite as memory carrier, and thus no RBMSAMFT-effect

(Stepwise Austenite toMartensiteForward Transformation) can conse-

guently takes place
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For the same reasons, the RiéNkect is only observed in the reverse
transformation as a single minimum on the calorimetric measurement curve
at the last return point, if the partial cycles are carried out according to the
reverse scheme: Heating up totemperature that increases each time

Ti = A, +i DT <Tj44 and subsequent cooling to a temperafureM g .

30

TiNi-7.9at% Pt
4 B2-B19(i), pch

o

TiNi-10at% Au

20| B2-B19(i), p.c.h.
10 +
0 /]

o

%‘ —
E 2 z
g z
2 ol 3 E
c Oy T [
8 I
T 2f g -0 V
b
-4t a 20}
1 1 1 1 1 1 1 1 1 1 1
10 5 o s T 0 s 20 s 60 65 70 75 80 8 9
Temperature (°C) Temperature (°C)
20 T T
A

TiNi-10at% Pd

B2-B19(i) 2 NiBTézgsstzch|
10 F | ,p.c.c.
10

o

=
= g
g o / <o
3 : —HI
E w
1} 8 40F ]
T g 10 ‘
Cc L
20t N d 1
0 5 10 15 20 25 30 35 40
Temperature (°C) Temperature (°C)
20 : : : i j j
NITi-1.8ato6 Al 20| NI-LBa% Al A 1
R-B19', p.c.h. R, p.ch mun
r s of EEE |
g 0
3 E
i w
I ® _10F ]
2 £
-10 +
e -20 f 4
. . . . . L L L
-120 -100 -80 -60 -40 -20 0 0 10 20 30 40
Temperature (°C) Temperature (°C)

Fig. 42 Partial cycles of the reverd&9- B2-transformation with invariant
plane of aTi- 421at%Ni - 7.9at%Pt-SMA (a) and B19- B2,

Ti- 40.0at%Ni - 10at%Au (b) with a weak pronounced RRbffect,

B19(i) - B2 with invariant plane, Ti- 40.0at%Ni - 10at%Pd (c); B2- R
(d) and R- B2 (f) without any R®M-effect; B19- R (e) with a strong pro-
nounced RPMeffect, a polycrystallindi - 48.2at%Ni - 1.8at%Al -SMA.

The RPMeffect apparently has to do neither with martensite stabiliza-
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tion through dislocations [26, 27], as it proves the studiehefihpact,
where the role of dislocations in martensite stabilizatiog. (38) is clearly
shown, nor with grain boundaries [25], how it proves the presence of a
strongly pronounced RPMffect in Cu- Al - Mn single crystalfig. 41 0

and its abolute absence in polycrystalliféTi S M A 6Fgs. 42 c, §.

However, it has to do with the elastic energy of interbvaPm P-
martensitic as well as twin boundaries, i.e. with their number, stacking fault
density, stackig fault energy, habitus of martensite polydomains, orienta-
tion relationships betweethe austenite and various orientation variants of
the martensite polydomains, i.e. with the hysteresis size of the correspond-
ing martensitic transformations, as has alyelaglen determined for ferroe-
lastic hysteresisHigs. 39 b, ¢[13, 14].

5.5 Relationships between phase fraction and transformation heat
5.5.1 Hysteresis interior, equilibrium and transformation trajectories

The RPMeffect in thermeanduced transformation cycles wdsscov-
ered by investigating the hysteresis interior by means of partial forward and
reverstransformatiorcycles in calorimeter [11, 14nd 13. The hysteresis
loops are determined from the calorimetric measurement cunyeEp
(4.3.2). First, complete forwardransformationcycles were recorded and

the coresponding valuesf the latentransformatiorheat for the complete

forward (qf"'vI IQ) and reversetransformations(q(':vI IOA') as well as com-
plete z.(T) and partialz (T) hysteresis loops wemetermined Kigs. 13,
16and43 a, b, ¢ [11, 15].

The reverdransformationsvas stopped in partial cycles at the tempera-
tures T;, which were gradually lowered according to scheme (5.4.2), and

the complete forwardtransformation of the austenite phase fraction
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[1— z(Ti)], formed during the partial revetsaansformationsinto the mar-

tensite was carried out by coolidgwnto the temperaturé <M ¢ .
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Fig. 43 Complete and partial hysteresis loops of various transformations of pol
talline NiTi-based SMAsqg, b, 9 and ratiosziA"VI P /zi'vI PA (ac, bc, c¢ and

ZMPA ZAMP @, bh, ch.

Likewise, the forwardransformationsvas stopped at different tempera-

turesT; according to a similar schenfe=M ¢ +i T, and the complete
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transformatiorof the martensite phase fractiare= z(T;), formed during the

partial forwardtransformationinto the austenite was carried out by heating

up to always the same temperattire As .

The forward and revergansformationstart temperatures determined
from these interal transformatiortrajectories by the extrapolation method

represent two lineM ¢(z) and Aq(z) for all transformatiorof all investi-

gated BddAMdaxb,

The course of thes®14(z)- and Aq(2)-lines reflecs the redistribution

of the elastic energy between the both phases and the corresponding shift in

the equilibrium temperaturéy'(z) during the forward and reversens-

formations as discussed in the theoreticedatment in 83.2.2. The two
lines also form an internal loop, which can be interpreted as latent hystere-
sis. The design and the course of these lines are so different that it is hardly

possible to determine common principles.
The trajectoriesM ¢(z) in the transformations with a narrow and sym-

metrical hysteresi®opsare straight lines parallel and close to the trajecto-

ries A;(z) and in some cases perpendicu&ilalvr(ljS£ =0 to the temperature
z

axis Fig. 43 b. The case% =0 is observed for almost all transfor-
Z

mations in the range0<z<0.4 that corresponds to the instability
d2g A+M P

dZ

<0 range of the twgphase mixture analyzed in (4.2.20)

In this area, the formation of eveew A'M P phase boundaries domi-

nates through their annihilation and the emergendbeihternal marten-
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sitic M PM P polydomain boundaries. After that at> 0.5, in sometrans-

formationsbut also in the wholeangeO0< z<1 or in the theoretically cal-

culated range.16 < z<0.74, the slope can either be negatgcl\a/l# <0
z

(Figs. 15 b. 43 @ or positive %>O, especially for theransfor-
v

mationswith large hystresis Figs. 15 a, 43 &

As already analyzed above, a negative slgpl\%sﬂ<0 or decrease
Z

dTo'(2)

q <0 in the equilibrium temperature during theansformationis
z
caused by increase in the free energy of the martensite phase thee t

formation of internal martensitic micromonodomain boundargacking

faults, the structural accommodation mechanismd M PM P polydomain
boundaries the morphological accommodation mechar)is#n increase
¥>0 in the equilibrium temperaturdeals witha decrease in the
stacking fault density in the martensite polydomapast{al monodomaini-
zation), which arise in the field of the remaining elastic shear stresses from

the accommodated martensite polydomains asid tonglomerates.

The presence of such stresses is responsible for the experimentally de-
termined Fig. 17) and above presenteliation effects (4.4.22) in SM#&s.
The more complex, curved lines point to a parallel effect of the both mech-
anisms consideredbove:Energy increase in the martensite phase due to
internal martensitic boundaries and partial monodomainization of some

martensite polydomains due to internal shear stresses.

The relationshipg™™ " (1) = ¢”™ " (T.)/g2™" (M <T, <My) be-
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tweenthe latent transformation heat and the martensite phase fraction de-
terminedexperimentally at which the forward transformation during cool-

ing in i th partial cycle was interrupted, and the phase fraction of the mar-

M PA

tensite z transforms back into the austenite during the subsequent

heating showKig. 43 ac, bc, cEsignificant deviations from the propor-

tionality ziA'M P /zi'vI PA

=1 of the latent transformation heat and the phase
fraction of the transformed martensif@stulated in the thermoelasticity
model (4.3.2). The same takes place under the opposite conditions, if the
reverse transformation irth partial cycle was interrupted and the resulting
austenite completely transforms back into thertensite on coolingHg.

43 ah, bh, ch.

The latent transformation heat in the exothermic forward transformation
is always smaller than that in the endothermic reverse transformation be-
cause of the entropy productiahé second law of thermodynan)icSnce
the phase fractions are calculated using the ratio to their own latent trans-

formation heat, this difference is excluded in graphic representations. For

this reason, the functionszi'vI IDA'(ziA'Mp) (Fig. 43 ac, bc, cr and

ziA'M IO(zi'vI IC)A') (Fig. 43 ah, bh, ch should each represent a diagonal, as-

suming the abovmentioned proportionality.

However, calorimetry only deals with the latent transformation heat,
while the elastic energies (3.2.19), (3.2.27) are not recorded. If the curve,
e.g. in kgure 43 ch is added to that in Figure 5 a, where the Eitaild be

multiplied by suitable absolute valud$g) beforehand, the resulting line

can already come close to the diagonal.

But the absolutely inadmissible behavior, whichresponds to the inju-
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ry of the second law of thermodynamid¢sg. 42 f and 43 bh) [15], obvi-
ously requires a completely other correction. The behavior completely con-
tradicts the main concern of the theetasticity model, namely that the
martensitic transirmation of SMAs strictly follows the temperature

change dthermal kinetick as observed by Kurdjumov [4].

It can be seenF{g. 42 f) that the gradual lowering of the turning tem-
peraturel; in partial reverse transformation cyclgsc(h), i.e. the gradual
reduction of the endothermic latent transformation heat

MPA 5 MPA

Pa Pa : :
iM A= o > qi'\ﬂl A’ does not change the calorimetric meas-

q

urement curve and thus does not reduce the exothermic latent transfor-

: ‘M P MP = AM P MP .
mation heatin'VI = zAM CAM :qiﬂv' in the subsquent forward

transformationKig. 43 bh). The behavior was also observed in papers [25,
102], accepted as such and interpreted as the absence of internal shear

stresses, since there is no shift in temperailig€z) in partial cycleskig.
42 ).
Only at a temperatur@; = A that corresponds to the austenite phase

fraction of (1- 2)° 0.6 (apprax. 40% reverse transformed martensitec-

curs the first reduction in the exothermic latent transfaonateat. This
means two thinggFirstly, the latent transformation heat emitted during ex-
othermic forward transformations soon exceeds the heat absorbed during
partial endothermic reverse transformation, i.e. the energy production,
which is own for "perpeium mobile” and forbidden by therl law of
thermodynamics, takes place in a system that is not completely closed. Or

secondly, the reverse transformation has already been compiteq)

at the turning temperatug = A * A¢, and the area recorded in complete
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transformation cycles in the calorimeter only shows the aftereffeet("
tail") that is recorded by the measuring device after the heat source has
been switched offHig. 42 f, checkered area

5.5.2 Transformation velaty and latent transformatioheat

The 2nd law of thermodynamics is saved at the expense of the main
concern of the thermoelasticity model, according to which the change in

the martensite phase fraction is controlled directly by tdraperature

M pA')

change, ifthe line ziA'Mp(a is converted with this assumption

A . PA o
ziM A =0 insteadof ziM A'=0.4. The new corrected line is then closer

to the diagonalKig. 43 bh dashed ling All transformationgvith a small

hysteresisr{arrow hysteresis logpsuch as théB22 B19-transformations

with an invarianplainin TiggNig4Pdggshave such a fdcr i mi

ek b e w (-1,1,1)-face of the bce-cell (B2-structure), a=0,3065nm
Fig. 44 TEM |mage of the twin boundaries tracesacking faulty of a martensite
polydomain aftetheir disappearance directly in the electron microscope due
the energy effect of the electron beapdnd electron diffraction pattern of the
B2 -austenitefpil surface (111)g,) from the same poinbj. TigsNig4Pdg 1-

polycrystal,B22 Bl19-transformation with invariant plane, temperature inter
of the reverse transformatiofs - A; =(24- 30) C, hysteresis widtl8 C.

In TEM-investigations of polycrystallin&ig gNig 4Pdg1-S MA G s, it

possible to observe how a martensite polydomain that was present at the

room temperature imploded or collapsed approximatelg s soon as the
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electron beam was directed on it, in doing so, it leaves an "imofints

twin substructureKig. 44 8. The imprint shows the stacking faults inherit-

ed from the austenite, because the electron diffraction pattern shows no
trace of the martensite reflexes and clearly consists only of the reflexes of
the hightemperatureB2-phase Itig. 44 b).

These results support the above thesis that the martensitic reverse trans-
formation as a reverse of the martensitic lattice deformation is not only de-
coupled from the temperature change and its own heat frorddmufrom
the regression of its twin substructure in SEAvith a low hysteresis and
can be a lot faster than that observed by Kurdjumov on individual marten-

site crystals using a light microscope.

The heating fron20 C to the temperaturé = A; =30 C lasts n calo-

rimeter at the constant scanning rate @=4K/min (approx
F=0.07K / s) whole 150s. The apparent heating rate observed in the elec-
tron microscope at the time of martensite dussgyance ofis is approxi-
mately 10K/s or 600K/min. An increase in the scanning rate leads to an
expansion of the hysteresis loops determined from calorimetric digta (

45 g or the temperature rangd ; - As of a complete transformation cy-

cle (Fig. 45 b [51]. This in turn limits the action frequency of a SMA
actuators ig. 45 ¢ to a few hundredth$§iz. This frequency is below the

value of1Hz, whichis claimed in other studies [103].

The action frequency of an SMdéctuator f4 =tél[Hz] is calculated
from the total timet, required for a complete transformation cycle [63,

64]:
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.. NTEC
fazj.engf ©- Mf(o)]+(kAf i ka) E . (55.1)
i ¥ 7

To carry ol a complete transformation cyclacfion cyclg, an SMA

actuator must be cooled once and heated once through the entire tempera-

ture interval of thetransformationDT (F) = A (F)- M ¢ (¥, taking into
account its expansioffrig. 45 b):
Mt (P)=M¢(0) +ky, OF
At ()= At (0) +kp, OF

dAr(ﬁ__k _dM¢ (P
daF Mt T g

resis expansion to be determined experimentally, (0) and A; (0) are

, (5.5.2)

whereka, = are the coefficients of the hyste-

the valuesxtrapolated ta{0) (Fig. 45 b).

The hat balance in a complete transformation cycle of a Siduator
is described by two term®ne term for itsconvectivecooling in the air

through a heat radiation surfag, convection coefficient¢ from a tem-

peratire T = As (P to a temperaturd =M ¢ (P:

/ O CW £ (F) - A ('#)) =c, CQT Y (-ﬁ))J, DgAM P &) (5.5.3)
My

and the second term for its adiabatic heating by means of an electric current

with amperage| from a temperatureT:Mf('I#) to a temperature

T=As(H:

Rt meplar - @) R em, 654
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Fig. 45 Limitation of the transformation rate due to its own latent transformati
heat: Hysteresis expansion of B22 B19-transformation vith the invariant
plain of Ti- 40at%Ni - 10at%Pd-polycrystals &) by shifting the transformation
temperaturesh) when the scanning rate is increased. Action frequencies of dit
ent SMA actuatorsc] with different transformation kind [51]. Comparisoncado-
rimetric OSQO and dilatometric@IL) results using the magnetostructural

fzka fzt-transformations of thévin- 159at%Cu- (100 single crystald) with
very small hysteresis &xample Dilatometric DL(T) - und T (t) -measurement
curves (e).

where c, is the specific heat capacityy, and R, are the mass and elec-
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trical resistance of the SMActuator. The second terms in th&tbequa-

: - : ‘M P - A'M P
tions are the specific latent transformation he&ué‘M :TO'G))SAM (2)

: : pp -~ MPA
of the exothermic forward transformation aDqM A :TO'(D)SM A(z) of

the endothermic reverse transformation, whigyeis the local equilibrium

: ‘M P X
temperatre of the A2 M IO—transformatlons,DsA'vI and DsM A are

the specific per mass unjttransformation entropiesz is the martensite
phase fraction. The latent transformation heats ateeofame magnitude

orderas the Joule heat in the first terms of these equations.

This means that both cooling and heating require twice the amount of
energy andastmuch longer than cooling and heating a metal body with the
same parameterdut without aphase change. The latemansformation

heat is also responsible for the extension of the transformation temperature

intervals M ¢ () - A () and (A¢ (%) - M ¢ () in the first terms of equa-

tions (4.5.3) and (4.5.4), which causes a furthergynexpenditure and a
further slowing down of the heat transfer in a complete cycle of the marten-
sitic transformation. The physical limitation of the increase in the operating
frequency of an SMAactuator (4.5.3) despite the increase in the heating

and cwling rate Fig. 45 ¢ is due to théothfactors.

The example with the transformation caused by the movemensiof a
gle phase boundary can show which real velocity have the martensitic
transformations. The velocities are determined from Bhe t-diagrams
(Fig. 46 a, b (4.1.3), which correspond to the isostressghermal defor-
mation diagramsHigs. 28 b, 29 I

_d(nL)

02 Ao ‘mé L, (5.5.5)

VMlgM
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where g, © 0.07 is deformation within the martensite barkdg(. 27 d).
These velocities varyF(g. 46 b) from v, ° 6Q0 ®m/s when creeping
(0.2mm) in indifferent equilibrium, vg © 20 *m/s under stationary

conditions (.46mm) and vpq ° 1.1600 3m/s under dynamic gdia-

batic) conditions {.85mm).

2
1 :
Elonaatiom. mm Elongation, mm
"1
241.85 mm o= (}[2mm
1.46 mm 470s
| &
1 i ‘
1 !
E j 965 24s P b
Q- , - — L - Ree————— T — e —————————
5400 5500 .552"3 5700 Ss0 0 200 400 600 BOP 1000 1200 1400 1600 1800 2000 2200
Lo - Time, s
Fig. 46 DL - t -diagramsa - for stationary Fig. 28 b andb - for stationary and
dynamic forward and reverse transformasi{fiig. 29 b).

Even at the relatively high velocity,q ° 1.140 3m/s, at which a
complete transformatiedeformationcycle takes place in time af © 50s

(Figs. 29 c, 46 h the action frequency does not exceed the value of
fa © 0.02Hz, what only confirmed the limit valuef (0.010- 0.012)Hz,

determined above F{g. 45 9. It can be seer{g. 46 @ how the marten-

site boundary is repeatedly slowed down during its stationary movement
after the ﬁ/JOa.SCtO'c?m/s),eo@VﬁoUsty mtheougli local de-
fectsor through its own heat in the ran@&mm< DL <1Imm (Fig. 28 b).

The question as to whether the discrepancy between the transformation
finish temperature in the heat measurements and thecrgsiallographig
transformationend in calorimetry czurs as a methecklated fault was

checked by the dilation measurements [49§(45 d). It has been found
that the action frequency determined dilatometrically, i.e. by measurements
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of real crystallographically caused changes in length, is even lower tha

determined calorimetrically.

However, there are still doubts about possible methodological artifacts.
From the dilation measurement curvésg( 45 @ it can be seen that the
change in lengthtlje reaction always takes place with a time delay com-
paredto the change in sign of the sampling rdterG cooling to heating

the time lag being in the range of minutes.

In the functionT (t) is T the temperature measured on the surface of the

dilatometric sample, which isiuch more massive compared to the calori-

metric one while DL(t)-function represents the volume response of the

entire massive sampl(é.OxZ.leOme’) to the temperature change within

this volume. This time delay is caused by the toitkl time required to
achieve temperature equilibrium between the sample surface and the center

of the solid sample by meanstbgheat conduction.

Unfortunately, such a time delay cannot be methodically investigated in
the calorimeter for much smallsamples disks with a diameter of 4.0 mm
and a thickness of 1.0 mwith direct contact with the heat transfer floor
of the measuring chamber. In any case, the same problem also exists for
SMA actuators under real working conditions, which one tries teedoy

means of actuator miniaturization.

These results, together with those for the isosisggherm martensitic
transformation with asingle phase boundarydisprovethe thermoelastic
character of the martensitic transformations of SbjAat least forrans-
formation with a smaller hysteresis as thoseB@® 9R in Cu- Al- Zn
single crystals,B22 B19 with an invariant plain inNiTiX -polycrystals

and in NiTi single crystals orfcc? fct in MnCu single crystals.
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Intensive investigations aimed at solving the inertia problem of @MA
like [104-108] focus mainly on increasing the action frequency of SMA
actuators by means of their miniaturization [1LObE use of alternative,
more effective cooling methods, e.g. with the help of thermoelectric Peltier
elements [106] and the development of new S8An which the transfor-
mation cannotbe controlled by the temperature or stress changes, but by
changes inhe electrical or magnetic field [107]. In this way, frequencies

up to10Hz are reported [104].

Action frequencies of up td00Hz have theoretically been predicted by
the miniaturization of SMAactuators $MA foils with athickness of up to
1- 2rm) and conventional cooling methods with the assumption [108] that
the hysteresis width remains constant with an increase in the scanning rate.
The transformation kinetics or a possible physical limitation of thestr
formation velocity is hardly taken into account in any of these studies and

models.

Assuming the case that the crystallographic reverse transformation from

: : : : Pa
its own heat front is separated as discussed alboge44) at 0.6Dq'vI A

so that lhe action frequency is increased by such a shortening 1qi0tdz,

” PA :
the heatQ=maG)).4Dq'vI A'A00Hz accumulates in the SMA actuator.
Q

The heat leads toDT = .. °4OOO—C temperature increase at
my, @y S

Dq'vI PA =1O4J/kg (Fig. 15) and cgu :102J/kgCgrad, l.e. a tempera-

ture increase already after a one action period far above the melting tem-

perature of each SMActuator.

The experimental results presented above show that there is such an in-
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ternal limitation on the transformation raten Acrease in the external scan
rate does not lead to a proportional increase in the internal transformation
velocity, but to an expansion of the temperature interval of the forward and
reverse transformations proportional to the scanning rate. The prdhe
cess is limited by the slower process participant, namely by the growth and
shrinkage of the martensite polydomains, the inertia of which is caused by

its own transformation heat.
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6 Conclusion

The quantifying concept of the duahergetic martengt(CODEM) pre-
sented here is based on the fact, which has been proven in numerous and
varied experiments, that the martensitic transformations and the associated
phenomena in SM#s are due to two energetically different martensite

forms.

The first form is amartensite macromonodomai ™, which can be
represented as a whole as a result of the homogeneous martensitic lattice

shear deformatiomy, of the austenite lattice. The second form is a com-
pletely accommodated &{; =gy (1- k,!l) =0) martensite polydonmain

M P, which arises from secondary invariant shifts within a macro-
monodomain gtructural accommodation mechanisand consists of isos-
celes twins each containing a stacking fault. The free enérgych a mar-
tensite polydomain is higher than that of the martemsacromonodomain

of the same size/mass by the sum of all its stacking fault energies.
A twin part of themartensite polydomaisubstructure, as an area with
the maximal martensitic sheaefdrmationgy, ; in which the shear vector

&, does not changets direction, is defined as a martensite mi-

cromonodomairi\/lm and is regarded as an elementary part of the marten-
site phase with a staclg fault. The energy range between the energy of a

martensite macromonodomain and that of a martensite polydomain can be

m
NMm

quantified into an energy spectrumg u; j+1 by defining the martensite
i=0

micromonodomain with an energy quantum 1, wherei=0 applies to

183



the martensite macromonodomain ardl,...,N/§ to all existing marten-

m
site polydomains with different numbers of micromonodomai¥ m or

with differentmonodomainizationlegees.

A martensite polydomain has a lowaacro symmetryith the same

micro symmetryof the unit cell, smaller entropy and a free energy higher

than that of a martensite monodomain by a contribuﬂé\f]p(z,T) from
stacking fault energy.

The gbbal equilibrium temperatur&, is determined by the equality of
the free energies of the stable auster®feand a martensitenacro-

monodomainM ™. It is significantly higher than the local equiiibm tem-

peratureTy', which is determined by the equality of the free energies of the

metastable austenité and a martensite polydomaim P. The global

equilibrium temperaturely represents a fundamental material quantity,
while the local equilibrium temperatur®)’ is very variable and is influ-

enced by several, primarily metallurgically factors.

The martensiticA- M M-transformation in the vinity of the global

equilibrium temperaturdg is prevented by the large elastic energy barrier
Upg, but the austenité\' that still exists and has a higher free energy be-
comes metastable in themperature rangdg - Tp'. This rangeis distin-

guished by well-known premartensitic phenomena such as the softening of
the elasticity modulus, the formation of fluctuatimgtermediate shear

structures, pseudoelasticity along the equilibriura 5o(T) defined by the

ClausiusClapeyronequation

The differenceDT =Tg - Tp' between the both equilibrium temperatures
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is determined by the generalized stacking fault engrgyg a materiaton-

stantandthe average stacking fault density; of the martensite polydo-

mains, which is strongly dependent on internal stre§3esse arise below

the local equilibrium temperatuid '<Tp' due to the nucleation when the

energy baier Ug =DT (psM ™ P Is reduce by the entropy contribution.
The internal stresses also depend on the rationality of the Miller indices
(hkl) of the habit planes dhe martensite polydomains and the Schinl
orientation factor m=cosf @og of the martensitic shear system
(hki)Juww] relative to the external stress axis or the single crystal longitudi-

nal axis[hkl] 5.

The main sources of the elastic stresses and thuextessiveelastic

energy inthe twephase state are th&M P phase boundaries between the
metastable austenite and the martensite polydomains. The elastic boundary
stresses are due to the incompatibility of the crystal lattices of the two
phases. The incompatibilitg minimized by the structural accommodation,
which consists in the formation of a twin substructure with a stacking fault

densityngs within each martensitic polydomain gnd this way,the mar-
tensitic lattice deformatiogy, minimizesto a martensitic deformatiog,,
sothat theboundary stressesy, =G gy <s§" are stayingin the elastic
range of the austenite matrix.

The elastic energy oA'M P phase boundaries increashs free ener-
gies of metastable austenite and polydomain martegitallyand conse-

quently of the whole twgphase system without affecting the tpbase

equilibrium. Such arenergyincrease in the twphase system causes the
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necessity of permanent undeoting in order to drive the martensitic trans-
formation forward, which is the reason for the athermal transformation ki-

netics as the main matter of the thermoelasticity model.

The elastic interaction of th&'M P phase boundaries as the nuimlog-
ical accommodation mechanism leads to the coalescersiegid variants

of martensite polydomains to their conglomerates with the pairwise annihi-
lation of the AM P phase boundariemdthe formation of an internal mar-

tensitic M PM P polydomain boundary. The elastic energy of the internal
martensitic boundaries only increases the free energy of the polydomain
martensie and shifts the twgphase equilibrium to lower temperatures. This

only happens from enartensitephase fractiorabout z° 0.4, in which the
dominant effect ofAM P phase boundaries in the balance of elastic ener-

gies changes to dominance of internal martenstc®M P polydomain

boundaries through morphgiecal accommodation.

The coalescence dfie martensite polydomains causes a compiedks-
tribution of the stress fields in their environment, which leads to a reduction
in the stacking fault density in the polydomain substructure, minimizes the
free enegy of the martensite and shifts the tpioase equilibrium to higher

temperatures.

The interaction of the structural and the morphological accommodation
results in a complex redistribution of the elastic energy in theptase
system, which is modeled aspawer functionu(z) =(2z- 47% +323) of

the martensite phase fraction. Analysis of this function reveals three areas
of increase in the martensite phase fractiime unstable acceleration area

0<z<0.16 of autocatalytic nucleation, the nabst linear area
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0.16< z<0.74 of rapid increase between the maximunzat0.16 and the
minimum at z=0.74 of the elastic energy, and the ar€@ar4< z<1 of
slowed increase. In ththird area, the lastver smaller austenite gaps are

closed by the coalescence of martensite polydomains.

The reverse transformation takes place in the reverse sequence and be-

gins with austenite nucleation as the splitting of an internal martensitic

M PM P polydomain boundary into twoA'M P phase boundaries. The

analysis shows that the main thesis of the thermoelasticity model about the

storage of elastic energyhat is probably meant is the energy &M P

phase boundaries austenite, corresponds only very general and very con-
ditional to real redistribution of the elastic energy of tAeM P phase

boundaries, of the internal martensifi¢ °M P polydomain boundaes
and of the twin boundarigstacking faulty and their simultaneous inten-
sive dissipation in the entire twahase range. The driving forces designat-

ed as norchemical f,c and dissipativefyis cannot be separated analyti-

cally in the balance dte driving forces fch+ fgis = Kej CD922 -8z+2)
as derivatives of the same elastic energy.
This complex redistribution of the elastic energy results in a complex,
hardly predictable course of the equilibrium temperature trajedigky)
and the tansformation trajectory(T) during the transformation. This is
also accompanied by the intense dissipation of the elastic energy released

by the coalescence of martensite polydomains.

The quantifying concept of two energetically differenartensite forms
I with and without substructure, in which the generalized stacking fault

energy and the stacking fault density play a decisive role, and each of their
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changes not only influences the equilibrium temperature, but also the hyste-

resis widh of the martensiticA?2 M P-transformations explainsin the
simplest possible way the most phenomena known in 8V has also

been adequately proven in a lot of illustrious experiments.

Experimental methods and procedures are desgntd@idh are particu-
larly suitable for the SMAnvestigations and substantiate the postulates of
the CODEM. Experimental data for many SksAare presented. They
show the maximal exploitation of both the method possibilities through
suitable broad aim settinand experiment planning as well as the meas-
urement results through their analysis and calculation of all derived param-

eters.

Measurement of acoustic emissioAE measurement methpds only

onemethod thats suitable for direct regigtion of enery dissipation. The

AE measurement curves show that the annihilatioA® P phase bound-
aries makes the largest contribution to theiAfensity, i.e. to the dissipa-

tion of the elastic energy. ThARE method is one of the simplest and fastest
of the known measurement methods for determining the characteristic tran-
sition temperatures. It is therefore suitable for express analysis when pro-
ducing fnelting SMA& and is used to specify the mposition during

melting.

Resistometry is also a simple and most widely used method for directly

recording the transformation hystere&§l,z) and determining the char-

acteristic transformation temperatures. The linear temperature dependenc
of the electrical resistance within the transformation temperature ranges,
however, distorts the loop of the thermal hysteresis and must be taken into

accountat the determination of th&ansformation temperatwgeThis
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methodis also well suited for atlies of mechanical hysteresisthequa-
siplastic, pseudoelastic and ferroelastic deformation. Here, the geometric
factor ensures strong distortion and asymmetry of the mechanical hysteresis

loops on the tension and compression sides and must be exelhded
analyzing measurement curvé&(st’c) and R(eg, p, t). With the help of

resistometry, however, the phase fraction of the stabilized martensite can

also be determined, i.e. an indirect phase analysis can be carried out.

Calorimetry provides the direct and calculated thermodynamic trans-
formation parameters that are necessary for calculating the energetic char-
acteristics of the thermal hysteresis. The technically complex measuring
method is mostly only used to determine the chiaretic tranformation
temperatures for the certification of SNBA This certification is also
worthless, because the transformation temperature range depends linear on

the scanning rate when measuring the latent transformation heat.

The calorimetricallydetermined thermal hysteresis loopd) are free

of distortion compared to other methods and apart from the dependence of
the hysteresis width on the scanning rate, which makes this method well
suited for the investigation of the intelrgysteresis in partial thermal cy-

cles. These investigations show the presence of a latent hysteresis between
two lines of local equilibrium in SMé& with large transformation hystere-

sis. Theequilibrium temperature trajectodeviate atz>0.4 from vertical

lines according to the redistribution of the elastic energy during the trans-
formation. The martensite stabilization through the monodomainization or
the texturing and the plastic deformation was investigated with the help of
calorimetry. The martensite macromonodomains have the transformation

temperatures up t00 C higher than those of the martensitic polydomains.

189



The martensite monodomainization in several action cycles leads to the
degradation of the memory propertiesSMA-actuators, because an ever
larger phase fraction of the martensite is switched off as a memory carrier
by increasing the reverse transformation temperature above the action tem-
perature range. The complete rehabilitation of the shape memory proper-

ties, which have degraded after several action cycles, is achieved by short

. . P A _ m
time heating above the temperatufe= A']y' A +100C - A?/' A of the

reverseM ™ - A-transformation without damaging the entire device and
without impairing other mechardat properties of the SMActuator

through this heat treatment.

The true plastic deformation of martensite increases the reverse trans-

formation temperatures up to the activation temperafyre 0.4T,, of the

multiplication and movement of dislations €.g. approx.300 C for Cu-
based SM#& with the melting temperaturg,, =1360K ). This allows the

two stabilization mechanisms cleatly separateand shows thatthe true
plastic deformatioroes not [ay a rolein martensite stabilization either in

thermat or in stressnduced transformations and transformation cycles.

It was alsocalorimetricallydetermined and confirmed by the isostress
isothermaltransformatiorwith a single phaseboundarythat eve the basis
of the thermoelasticity model, the thermoelastic behavior, i.e. control of the
martensite growth and shrinkage by temperathengesr the proportion-
ality between themartensitephase fraction and the latetiansformation

heatz(T) " q(T) are not truen any casdor the SMAG with a smalltrans-

formation hysteresis. The lattice reverse transformation detach itself
not only from its own latent heat fronbut even from its own twin sub-

structure, as the TEMNages also show, atfichishes faster on your own
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Spontaneous length changes(T) depending on the temperature of
nonstressed and netextured SMAsamples in the twphase temperature
range ar@ecorded directly as hysteresis loap$h a help ofthe dilatone-
try method The dilation is caused by the nrancommodated martensitic
deformation in the elasticity range of the austenite. This measuring method
is the only one that offers the possibilttydeterminethe accommodation

degree k,, bu without separately determining the contributions of the

structural and morphological accommodation. @dheommodatiomlegrees
achieved by the two accommodation mechanisms are calculated from the

measured dilatationsy and vary in theangeof 0.9972 k, 2 0.750 in all

investigatedSMAGs, so that the spontaneous dilatation remains in the elas-

tic ranges 4 <G ¥y <s even with the miniral determinecaccommoda-
tion degree

The tensiorcompression deformation method is partéelyl informa-
tive when investigating the mechanical quasiplastic, pseamb ferroelas-
tic hysteresis and its interior in partial deformation cycles. Nevertheless,
this method is seldom used in experimental investigations. It is apparently
because the temsi and compression specimens are subject to different
normative requirements for their design. However, the application of these
standards to the SM8pecimenss not absolutely necessary because of the
much smaller mechanical stresses than at the usuradastl tests and can

be bypassed with the simplest means.

A number of new knowledges have been ascertained in this probess:
independence of the mechanical hysteresis from the temperature at the
transition from pseudoelasticity to ferroelasticity, affinof ferroelastic
and ferromagnetic hysteresis, the orientation dependency of mechanical

hysteresis, the liquitlke ferroelastic behavior of thengle crystal speci-
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mens with theorientationaxis (100, of the slight deformation, the eigu
librium stress linesg(ep, ¢ ) = const within the pseudoelastic and ferroelas-

tic hysteresis, which is adequate to the Maxwell line in Van der Vaals gas

theory.

Formation of a martensite macromonodomain from the thenohaced
polyvariant polydomain nmigensite only takes place through the complete
cycles ofthe ferroelastic deformation and not throutjie quasiplastic de-
formation, as it shows the RR&ffect in partial cycles of the firebmpres-

siondeformation with two yield pointand flow lines Themartensite mac-

romonodomain transforms backttee austeniteM ™ - A at elevated tem-

peratures. This provides one of the experimental existence proofs of the

A2 M M-transformations, the thermodynamic parameters of which could

even be determined calorimetrically.

The thermeinduced martensitid322 9R-transformations with a sin-

gle phase boundary under constant loadCun- Al - Zn single crystals

show the characteristics of th®2 M M-transformations and can also be

regarded as an experimental proof of this concept.

The important role of the stacking fault energy and density for the char-
acteristic tranfrmationtemperatures has also been proven experimentally.
The martensite stabilization Cu-based SMA&s, which leads to the expan-
sion of the pseudoelastic and ferroelastic hysteresis loops during aging, is
caused by diffusion of stoichiometrically excessrequilibriumvacancies
to the stacking faults in the polydomaimartensite. The expansion of the
thermal hysteresis loop in irradiatéiTi-SMAG can also be explained by
the diffusion of radiation defects in the stress gradients caused by irradia-
tion.
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The reduction in the stacking fault densityhe tmartensite phase due to
the ferroelastic deformation cycles or alsdhe singlemartensite polydo-
mains due to changes in the stress field in their immediate vicinity, which
is regarded as monodomainization in the quantifying CODEM, causes the
actual nartensite stabilization in the sense of increasing its reverse trans-

formation temperatures in the temperature ranget,' corresponding to

the changing in the stacking fault density 775 ¢ 1. This explaindRPM-

effects Return Point Memory) in partial cycles of ferroelastic deformation
and in partial cycles of thermriaduced reverse transformationalsp
known as the SMART effect or TAME

Many of the experimental results obtained so far on the 8MAn no
longer be explainelly the thermoelasticity model, and some even directly
contradict its main postulates. The quantifyicanceptof duaklenergetic
martensite CODEM), on the other hand, has been thoroughly proven ex-
perimentally and provides comprehensive and plausible exfbais for

most of the known shape memory phenomena.
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8 Appendix: Practical applications of SMAG s

8.1 Article to the German and international patent. "Composite
fabric with memorv metal and its applications”

DE 195 29 500 C2EP 961 12 965 A289265449 US.
Registration date 08/10/1995.
Inventor: Dr. V. Prieb and H. Steckmann.
Patentholder: companyi 1 st Memory Al l oys Gmb

Abstract:

Object of theinvention The invention relates to a composite fabric with
memory metalrhemory fabrig as well as applications thereof in medicine,
aeronauticend space technology, one of the applications, namely the mas-
sage device, being equally suitable for fithess purposes at home.

Applications Passive press and support bandages, active gradient systems
andmassage devices as well as pressure suits.

Introduction

The device presented here is based on the properties of metal wires with
the memory effect. When heated, a specific deformation process begins,
namely the martensitic reverse transformation, whiadsg¢o compression.

The TiNi memory wires are incorporated into an elastic material and are
heated by the electat current. The wires with the starting temperature

(M) of the martensitidorward transformation below80 C can be used

for pressure bandages. This means that g¢bort heating above the finish

temperature A ) of the martensiticeversetransformation ensures perma-
nent compression.
The wires with the finish tempera& (M ¢ ) of the martensitidorward

transformatiorabove30 C and a narrow hysteresis are used for the gradi-
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ent systems. By connecting memory elements in series, each individual el-
ement can be heated separately by meétise electrical current, so that a
compression gradient is created that can be used to achieve a massage ef-

fect.

Medical problems

The compression treatment of chronical venous diseases and
lymphedema in phlebology aims to compensate for venous insuffigi
and prevent its progression. In decompensated venous insufficiency with
edema, this is achieved with compression bandages and to maintain the
compensated state with compression stockings. Apparatus compression is
used as an additional measureridamatals of Phlebology E. Rabe (Ed-

itor) Kagerer Kommunikation, Bonn, 1994

The compression bandages and stockings are made of an elastic synthet-

ic material and must ensure the pressure on the edef28® ob60)mmHc,

depending on the compressioass. In the deviebased compression ther-
apy, more or onehamber rubber sleeves are used, which alternately press
and relieve the area to be treated due to the air filling. The use of these

medical devices is associated with a number of problems:

1. During decongestion stage of thanmphedemadreatmentoy the elas-
tic compression bandage, the force exerted gives way linearly, which

makes the use of permanent bandages difficult.

2. The use of compression stockings creates a significant problem in
putting onand taking off, namely the greater the working pressure, the
more rigid the stocking fabric and the more difficult it is to put on and to

take off the stocking.

3. The rubber sleeves are filled with air by a pump. With the multi
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chamber cuffgo-called gralient system)each chamber is connected to the
pump by a hose in order to generate a continuous pressure wave. The pres-
sure wavelength can accordingly only be reduced to a limited extent. This

technique is very massive and therefore requires inpatiattizat.

The compression bandages and gradient systems proposed and patented
by us with pressurexerting working elements made of shape memory al-
loys allow all these problems to be solved in principle and, moreover, to

achieve all three functions in pripde in one system.

Production of the memory composite fabric

The compression bandage is made of a composite material consisting of
two layers of a light, elastic synthetic material and flat measkaped
metal springs incorporated between these layers.sphings made OFiNi
shape memory wires are wound into a meander on a bendingRayni).

To keep them in this high temperature shape, they are briefly heated up to
700 C by a currenimpulse. The length of the cumeimpulse can be set
between(1- 10)s. After the meanders have been removed from the bending
form, they are trained to the tweay memoryeffect through a few thermal

cycles under a constant load.

o) (0]
+ -

Fig.1. Berding mold with ceramic beads attached to an electrically insulated metal plate

for the production of memory meanders
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The meanders are embedded between the elastic synthetic material lay-
ers with the help of an ultrasonic welding machine so that the meaders
close to one another but separated by the weld seams. The composite fabric
produced in this way is then processed either into a bandage with different
widths and lengths, or into sleeves of different sizes. Endings of the band-
age or sleeve are providlevith a zip or Velcro fastener to enable them to
be attached to the body.

The finished bandage is stretched at a temperdtw® . The mean-

ders are in the martensitic state. The deformation takes place at low exter-
nal stresses becausee tQuasiplastic yield point of the martensite is very

small. This allows the bandage loospiyttingon and taking off.

Three variations of bandages differ depending on how they work and on
the transformation temperatures of the shape memory wires. Theyecan
viewed as passive and active press systems. The passives are activated by

the body temperatur@, © 37 C and the active ones by the heating by

means of the electrical current and, in the case of the gradient systems, con-

trolled by an eleconic device.

Passive pressure bandages
If the entire transformation hysteresis loop of the memory wire is below
the skin temperatur@ © 30 C<T, ° 37 C (Fig. 1 a), the pressure band-

age is activated immediately after the application of edema. The esmpr
sion takes place when the bandage warms up due to the skin temperature.

For the removal of the tense bandage must this be cooled down again be-

low the temperatur ¢ , e.g. by spraying with a coolant.

Since the meanders were trained foe twoway effect during their
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production, the bandage loosens when it is transformed into the martensitic
state during cooling, and it can then be easily removed. The memory wires
with a narrow hysteresis loop are recommended for such bandages. Then

thetemperatureM ¢ is not so low that the cooling becomes uncomfortable

or dangerous for the body.

7 4 F /

: b C ””"W”W””BW

0 M¢ MséOAs Ag ,TOC AL
Fig. 2. Hysteresis loops of memory wires | Fig. 3. Deformation diagram of
for three types of bandages. memory meanders.

The transformation temperatures can be selected so that there is between

the starting temperatures of the forwaund and reverseig transformations
(Fig. 2 b). In thiscase, heating above the temperatafe takes place by a
current impulse after the bandage is applied. After the power is switched

off, the bandage remains in a stressed state. They can be removed easily by

cooling them down with a coaht below the temperatufd ; . The mean-

ders are at this method electrically connected to one another and provided

with electrical contacts.
The advantages of this method:
1. The pressing force can be adjusted by means of the amperage by

reaching different heating temperaturgs within the temperature range

As<Th<Af'

2. The memory wires made of BNi two-component alloy with the

normal transformation hysteresis width(@5- 30) C can be used, where-
by the takeoff-temperature of the bandage is still un@igiC .
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Disadvantages, however, include the increase in the bandage cost due to
the more complicated production. In terms of functionality, the two band-
agesdo not differ in principle and can be used as permanent bandages

(sleevek

A very important advantage of the bandages with memory elements in
compression treatment compared to the usual elastic bandages is that the
pressure exerted remains constdfity.(3 a) during the continuous long
time treatment and reducing the edema and thus the pseudoelastic marten-

sitic deformation or only sinks slightlyi(g. 3 b).

The pressure of a conventional elastic bandage with an initial contact

force Fy and an elasticity coefficierty; on a cylindrical swelling with an

initial radius Ry is calculated using Laplace's law:

Do = 0 = keil2Ro - Lo) 6.1.1)
Ro Ro
During the reducing the edema, the radius iseediso thaty <R is.

The contact force decreases linearly. The pressure change is in the result

negative:
DD =Dy - Do’ e— - —a<0. (8.1.2)
T RO

It is characteristic of the memory meanders mad€iNf that the foce
exerted remains constariig. 3 a) while their length DL) is reduced or

decreases linearly only slightly with a very small coefficiéing.(3 b).

The total change in length of a bandage aaach valuesof

(50- 200%, depending on the meander shape. The shape is optimized ac-

cording to the required contact pressure and deformatvwelling siz
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Active bandages as gradient systems

The third variant of pressure bandages differsdamentally from the
first two in terms of their functionality. All transformation temperatures are

aboveTy, i.e. T, ¢ M. The memory meanders are electrically connected to

each other in such a way that they can bécewd on in a certain order and
heated by current impulses. The electronic control system alloset the
duration of the current impulse as well as the pauses between the impulses
and the final pause as required. After the final break, the whole process

starts all over again.

Such a bandage generates continuous pressure waves and thereby imi-
tates the massage effect. The massage is used very often in the treatment of
edema and is still done manually today. Its purpose is to displace the fluid

from lymphe@dma.

On the one hand, the question of the cyclical stability and degradation of
the memory properties is very important in this application. On the other
hand, it has been shown in experimental investigations that the rehabilita-
tion of these properties @ossible by sho#time heating the meanders to a
certain temperature. This heat treatment, also using a strong current im-

pulse, restores the memory properties without damaging the elastic shell.
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8.2 Article to the Germanand international patent: "Electrical bre&
protection with memory inseft

DE 19851311 A1EP 99121885, 457359905 US.
Registration date 06.11.1998.
Inventor: Dr. V. Prieb, Dr. H. Steckmann, Dr. L. Neganov.
Patent holder. company "1st Memory Alloys GmbH"

Abstract
The invention is based on the memory force effect.

Object of the inventianA new electrical fuse with a sdbfreaking insert
made from a memory alloynemory sefbreaking fusg Here, an insert
made of acu-based memory alloy that marticularly suitable for electro
technical purposes is installed in a fuse body of a simplified construction.

Area ofapplication The fuse properties, above all the high escape speed of
the fractions and low ggeing temperatures, are particularly suitable for
protecting the42y -DC electrical system in future cars, where the risk of
arcingis particularly high if the power is interrupted.

State of thetechniqueand problem definition

With the change at the car manufacturers to the electaldirect
current onboard network, a serious security problem arises, bechase t
risk of arcing, which can lead to the total car burning down, increases dra-
matically with the increase in the network voltage. The fuses currently used
cannot withstand the new, higher requirements for electricéoand net-
work fuses. Thanostseriousdisadvantages of fuses gt W. Knies, K.
Schierack. Elektrische Anlagetechnik: Kraftwerke, Netze, Schaltanlagen,
Schutzeinrichtunge/ Minchen; Wien: Hanser, 1991

1 Switching off in the event of a critical current only takes place after

the melting terperature of the conductor material of the fuse insert
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has been reachetldB0 C for Cu), which leads to a longer total
switch-off time.

1 When the insert melts, an arc is created which leads to the metalliza-
tion of fuse corponents and enables a residual current to pass
through.

1 The high operating temperature of the fuse, which depends on the
crosssection of the fuse insert calibrated to the nominal current,
leads to an increase in the temperature of the entire electteal n
work, to the drying out of insulating materials, to a change in the
electrical properties of the fuse insert and to higher temperatures as a
result caused or increased aging of the insert alloy.

1 The small gap between the melted parts when using a fndeachto

the creation of an electric arc.

Aims definition

It was therefore made the object of this invention to design an electrical
fuse with a reduced overall tripping time, which is easy to manufacture and
versatile. This should be an electrical low logh voltage fuse with a
breaking insert made of a memory alloy for use in electronics and electrical
engineering in electrical systems for their-&ge disconnection in the
event of thermal loads, overload and stoartuit currents, which have the

following advantages:

A Reduction of t h(e0 300C teaaks® ane@ mper at |

functional principle.

A Prevention of ar ciesapetveiocijgvithg h t
which the insert fragments move away from each other aftéuslee

has been triggered or the insert has broken.

214
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A Reduction of the tqt®duetoalbvease t i |

release temperature and the high breakage or egempgy.

A Elimination of the ttiheadstmthdde-and me

struction of fuse components if an electric arc occurs.

A Significant simplification and cht¢
pensing with a ceramic body, seals and additional or separate contact

blades and the indicator.

A Av oi dhe occueence Pf an electric arc by a much larger dis-
tance of the insert fragments from one another after the fuse has
tripped, whereby this maxiahdistance can be up @8% of the dis-

tance between the contact bases or fastening pditiie insert.

A Significant reduction in the oper

perature of the entire electrical system.

A Reduction of the current density i
section of the insert, which, in contrast to fusegsdwot increase the

melting time and does not lead to the creation of a stable arc.

A An automatic i mprovement of the el
fastening points by mechanical st#hsioning of the memory insert
when heating due to the curtgrassing through the insert or the for-

mation of sparks when the contact is loosened.

A Possibil i cwrenmharadeestios through a cornespdnd-
ing selection of the composition of the memory alloy for the insert, the
cross section of the sert, the martensiticdétentdeformation” of the
insert, when it is installed in the fuse body and through heat dissipa-

tion conditions.
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Memory alloys and properties

All these advantages have been achieved through the (Ge-lodsed
alloys with memory properties as a material for the production of break in-
serts in electrical fusg2: V. Prieb, H. G. Steckmann, L. NeganBlektri-
sche Bruchsicherung mit MemeBmsatz und dafiir geeignete Memory
Legierungen. Offenlegungsschrift DE 198311 Al vom 18.05.2000 bzw.
Européische Patentanmeldung EP 0 999 570 A1 vom 10.05.2000 Patent-
blatt 2000/19

One of the memory properties is that a specimen made of a memory al-
loy deformed in the martensitic state at low temperatures remembers its
original high-temperature shape when the temperature increases above the

temperature rangég - As of the martensitic reverse transformation, by

the martensitic lovtemperature deformation is spontaneously reversed [3:
V. Prieb, HG Steckmann. Shapemory alloys and their applications,

computer animation, Alsjt Memory Al Il oy

] o
4004 /
300+ /

2004 [

Innenspannung, MPa
@
3
S
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s
0 50 100 150 200 250 300
Temperatur, °C

Fig. 1. Development of the | Fig. 2. A melting fuse and a break protection with
internal stress from the tem-| S-shaped memory insert in operating stajeahd
perature in a memory break | afterthetriggering 0).

insert.

If any force opposes the recovery of the martensitic deformation, an op-
posing force is developed by the memory sample to continue the recovery.
If the recovery of the marteis deformation is completely prevented by a
hard jamming or fastening, the internal stress of the memory sample in-

creases to its own breaking limit when heated beyond the temperature
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range of the martensitic reverse transformation, i.e. the specimeks brea
itself. Figure 1 shows this behavior by means of a (gal T)-diagram
experimentally measured on a break insert. The temperattce amd the

internal stress developed in the memory break inserMagapascals

(IMPa= 10°N G 2 = 0.1kg/ mn?) are plotted on the-and y -axes.

The stress increases almost linearly when the temperature increases

within the temperature rangds <T <Tg. The martensitic reverse trans-
formation d the unloaded sample ends at this temperatyye At the

breaking temperatumg, the internal stresses reach the breaking lggit

of the memory material, so that the héadtened memory insdoteaks at a

marked predetermined breaking point.

Memory insert of the electrical break protection

Figure 2 [eft) shows a crossection of an NHuse according t®IN
4362Q which consists of a ceramic bod0j, a fuse insertl2) with a per-
foration @0), two contact blades ()0an indicator 80) and a sand filling
(11). Figures 2 a and b show a break protection device with a memory in-

sert @) in an embodiment for rated currerfl®- 300)A and rated voltages
(5- 500)V [2]. The menaory insert is attached to the fuse bases with two

screws 9). The fuse also consists of a bod), (which can be made of a
heatresistant plastic and does not need to contain any sand filling or an in-

dicator, as well as two contact blad#&} (

Figure 3 shars an electrical break fuse particularly suitable for4B¢
onboard network for rated currents (§- 50)A [2]. The insert can be in-
tegrated with both end$ig. 3 a left) as a contact knife, either as a plug

directly into a twecolumn socket of the electrical system, or it can be in-
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stalled in its own fuse body with two contact knives.

An electrical break protection with the memory insert works as follows:
When the rated current passes, the memory insert is heateshiperature

below the break temperaturég(). This heating does not lead to an increase

in the mechanical stresses in the memory fracture insert if the operating
temperature is below the start temperature of the martensitic reverse trans-

formation €ig. 1).

3* — 2 |

o) b) c)

Fig. 3. A U -shaped memory break insert of an electrical fuséhtor

42/ onboard networka - operating modeh andc - fractions after trig-
gering by the overload or sharircuit current &rrows show the predeter-
mined breaking point

In the event of a sustained overload current or a short circuit, the

memory breaking insert is heated up to the breaking temperBiu(Eig.

1) above the finish temperature of the marténsitverse transformation

As In an adjustable time. The internal mechanical stress develops in the

memory break inser&{g. 2 or 3) up to its own breakingoint sg.

This triggers the fuse due to the breaking the orgrmsert and accord-
ingly switches off the overload or shantcuit current. Aftetthetriggering,
the insert fractions of the attached to the endings fly apart at such a great
velocity and at such a great distance from each other that the creation of an
arcing is impossible. Figures 4 a, b and 5 a, b show other embodiments of

the memory break inser2]f which are also suitable for protecting th2/
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vehicle electrical system and are based on the same functional principle.

1 A 4 6

4 6
—_\71 . / - / — ,,/ F{M/}( XX = AR ,fjl
a)

= =

— = = = f

4

b) )

Fig. 4. Memory break inserta) as a | Fig. 5. Memory break inserta) as a
thin tape that rolls up into two rolls | thin band that folds up to form two
(b) afterthetriggeiing. harmonicalf) after triggeing.

Here an amorphous memory tage i€ attached to an inkating pad €)
under the contact blades)( After the release, the straps roll into two rolls
(Fig. 4 b) or fold into two harmonicaHig. 5b) at the fastening points. This
leads to an even greater distance between the fractions, up to the distance
betwea the fastening points. For additional protection against the occur-
rence of an electric arc, the opposite side of the insulation plate can be pro-

vided with a known electric arc or discharge vessg).(5, 7).
Automatic protection of the electrical contact

The electrical contact at the fastening poiftgy(2 a, b, § is secured
for all types of insert by the fact that the memory insert is operated by the
rated current or by the sparks at the released electrical contact up to a tem-

perature within the tempature rangeA <T < A¢ is heated. When the rat-

ed current passes through the memory insert, a minimal mechanical internal
stress, which is necessary for safeguarding or improving the electrical con-
tact, develops, i.e. the insert is in a sligh#nsioned state and thus ensures

reliable electrical contact.

If the contact loosens in any way, it leads to a spark and thus to rapid

additional heating of the insert. The memory insert pulls itself together
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through the reversing of its latching defotroa (4: V. Prieb, H. G. Steck-
mann. Verbundgewebe mit Memdetall und Anwendungen hiervon. Of-
fenlegungsschrift DE 195 29 500 Al vom 13.02.97 bzw. Europdaische Pa-
tentanmeldung EP 0 761 188 A2 vom 12.03.97 Patentblatt 199umtil

the gap at the loosenedntact point is closed again. A further reset is then
prevented, so that an increase in the internal tension is made possible again.
In this way, the lax or loose contact is automaticallysteengthened and
secured. This method of automatic protectibrelectrical contacts can be
used not only in electrical fuses, but also at all other contact points in the

on-board network.

Calculation of the escape speed and the release time

After the memory insertirfdex B breaks, the elastic energy stored in it
is released in a very short time, just like a released spring. This breaking
time tg of approx.5ns is determined by the crack lengthé insert thick-
nes$ and the crack velocity. The escape veloegyof the insert fractions

can be calculated as follows:
Fe|CbB:mE®B,Fe|:SBCSE;mE:rECSECD_E; (8.2.1)

_ sp G G _ 90080°kgGnés 2 Gn” BA0 °s
re G Qg 9000kg Gn™ 3 @,05m

Vg °10m/s, (8.2.2)

where Fg is the elastic forcemg is the mass of the inserSg is the
crosssectional area othe insert, 7 g is the density of the memory alloy
and Lg is the length of the insert between the two attachment points. The

maximal escape time, during which an arc can occur or begeithed

corresponds to the acceleration of the fractions of apptd8g (g is the

gravity acceleratiopand is:
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t, © 0,5Lg /vg ° 0,0025s, (8.2.3)
The heating time from the temperatufe= A < As to the breaking

temperaturelg in the case of a shodrcuit (under the adiabatic condi-

tionsT without taking heat dissipation into accoym@an be calculated as
followed:

1§ ERA, = rg G Qe @p(Tz - A), (8.2.4)

where R = Rygc[1+ k7 (Tg - 20°C)] is the electrical resistance of the insert

at the breaking temperature; is the temperature coefficient of the electri-
cal resistancelg is the shorcircuit current anch is the specit heat ca-

pacity of the insert. For a nominal currentl®A (a current that does not
lead tothe fusebreaking under constant loa@nd a200-fold shortcircuit
current, the following heating time resultsl(estimaes have been made

for memory insert on Figure)2

=fEC5EC1E®EQTB' As) .
Ik Rogc @L- krT) . (825)
, 0,01kg &00J kg 1 &k "1 ook

408 A% A0 4w

th

©0,01s

It can be seen that the total swHafh time, even with such a large rated
current and in the case of a shartuit, is not limited by the escape time
but by the heatig time and is approXd.0Oms (8.2.5). In the case of an over-
load current, the total switebff time is limited by an even greater heating

time, which can be calculated from the differential heat balance equation:
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cE tne +cM oy 2L - a8y (T- Ty ) =
(p ol MLI G (- Tw) . (8.2.6)

=15 Rogc [1+ kr (T - A )]

where CE and c'g' are the specific heat capacities of the memory insert

and the mediumafr or fuse body, if it comes into direct contact with the
inser), mg andmy; are the masses of the memory insert and the medium,
agwm Is the coefficient of heat transfer between the insert and the medium,
SnEe is the heat transfer area tfe insert, T is the variable temperature of
the insert which must reach the breaking temperaiigren a certain heat-

ing timet,, Ty is the mediuntemperature.

Control of the nominal current and the total switch-off time

The parameters of the electrical fuse such as the currenintmasei
an important variable for the shartcuit shutdown of electrical protective

devices, which is known as teule integral [1]:

t
J11%2a= {2 at, (8.2.7)

to
the rated currenty, the rated or breaking temperatulig and the total
switch-off time or the heating timé, canbe determinateascan be seen
from the previous calculations, through the temperat@fe (the finish
temperature of the martensitic reverse transformafitime crosssectional
Sg area and the lengthg of the menory insert {.e. through its shape
the breaking temperatuiig; (the composition of the memory alloy and the

heat treatment The breaking temperature depends on the breglong

222



s of the memory insert and tisiope coefficientki =3—‘_9|_ of the internal

stress with the temperatunecreasing(Fig. 1). The heating time should
also be long enouglio avoidthe triggering or the insert breakimye to

the overload current when swhiag on andff.
The lreaking point can be varied by coating the insert at the predeter-

mined breaking line with a chemically active alloy. The coefficightcan

be influenced by the martensitidétentdeformation": the greater the "de-
tent deformation”, théaster the internal stress increases with the tempera-
ture increase. Thedétentdeformation” is indicated by the difference be-
tween the low and high temperature shapes of the memory insert. The low
temperature shape corresponds to the installation shajhe imartensitic
state at room temperature, while the higlmperature shape corresponds to

the original production shape in the austenitic state.

The memory insert strives for this shape when heated up to the breaking
temperature. This shape results whia two insert fractions are put to-
gether after the break protection has been triggered. In addition to the me-
dium parameters, the heat transfer conditions are determined by the insert
shape ljeat transfer surface, contact surface with the fuse Yoadgthe
design of the fusehgat transfer through the current contgctthe fuse

body and the contact base.

Time/current-diagrams and their influence

Figures 6 a show time/current characteristics accordingtdl VDE

0636 On the logarithmicx - and y -axes, the current strength and the time

are plotted correspondingly in amperes and in seconds.

The time/current characteristics characterize the developed and investi-
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gated break protectors with break inserts n&Ed@u-based SMA with dif-
ferent compositions or transformation temperatures, @estsons, "detent
deformations” and with different perforation coefficients of the fuse body

as the ratio of the ared ventilation holes to the total areatbé fuse body.
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Fig. 6. Experimental timefarrent characteristics for the-shaped memory inserts i
the break protection devicEifJ. 2 b, §: a1 with acrosssection of memory
alloys with different transformation temperatures(  increases from left to

right); b from the same memory alloy, with the same cisesion of , but
with different martensitic "detent deformations'i 8%, 2i 5%, 37 3%, 41 1%;c1
made of the same memory alloy, with the sadeténtdeformation”, but with differ-

ent crosssections ( ): 171 5.0, 2i 5.5, 31 6.0, 41 65,51 7.0,61 7.5, 71 8.0;d 7
from the same memory alloy, with the same cross section of, but with different
perforation coefficients of the fuse bodyi 10%, 2i 20%, 3i 30%.

The time/current characteristics signpost theettgped and investigated
break protectors with break inserts méwen  -based SMA with differ-

ent compositions or differeritansformationtemperatures, with different

crosssections, with differentdetentdeformations” and with diffent per-
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