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1 Introduction  

Martensitic transformations of shape memory alloys (SMAôs) have vari-

ous special features [1, 2]. The SMA's itself are, therefore probably, seen as 

something special and even something intelligent (smart materials) [3]. 

Whenever such a peculiarity is discovered, one tries to find a plausible lo-

cal explanation for it. So, the local explanations multiply without a uniform 

concept, and the whole thing becomes more and more complicated. 

This is also due to the fact that the relationship to the research object, to 

the SMAôs and their properties as such, which I describe as "intimate", is 

lost or never existed by theorists and developers of various models. This is 

how arise unrealistic, misleading theories such as the one about ideal 

pseudoelasticity [76] and models [107] that promise action frequencies of 

SMA actuators about Hz100  and more. The theories and models offer a lot 

of mathematics with computer science and little physics through the men-

tioned lack of relation to SMAôs as the research object. 

It would be grotesque to desire theorists to put together and melt an 

SMA, to grow a single crystal and cut a specimen from it, to process it and 

to subject it to a well-considered heat treatment, to carry out a well-

thought-out experiment and to analyze extensively its results in order to 

establish or restore a real personal relationship with the SMAôs. Instead, it 

is sufficient to take a SMA-specimen in hand, place it on the lips and bend 

it pseudoelastically in order to feel its latent heat. 

It is like blasphemy to ascribe intelligence to these metal pieces, but af-

ter such a "lip test" you can't get rid of the feeling that this thing is very 

sensitive. In any case, this is how my ñintimateò life of a young scientist 

began with these ñmetal piecesò. In doing so, more questions arose while 

trying to understand these sensitive things than answers that I could not 
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find despite my hard enquiry. Now, looking back, I think to have fathomed 

some of the most important 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 to the ab initio prin-

ciples with their axiomatic simplicity on branching paths and in tricky situ-

ations. One of them would be the Le Chatelier-Braun principle (the equilib-

rium law or the principle of the smallest constraint). This reads: The chem-

ical equilibrium evades an external constraint (temperature, 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 minimal 

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 non-interacting parts as 

simple spatially limited systems does not form a thermodynamic system 

with a common equilibrium, because there is no continuous, differentiable 

function describing the whole system. The total energy of such a conglom-

erate can be described as a simple sum of the energies of the individual 

parts: 

ä
=

=
N

i
itotal EE

1

.            (1.1) 

This description concerns, for example, the austenite-martensite mixture 

after the explosive martensitic transformation in quenched steels. Austenite 

and martensite have no common coherent boundaries, so that there are no 
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common atomic planes. They are separated from one another by areas of 

plastic deformation, the energies of which plE  are represented in the sum 

(1.1) together with the energies of austenite AE  and martensite ME : 

pl
MA

total EEEE ++= .         (1.2) 

The total energy of a complex thermodynamic system, that depends on 

intensive state variables such as temperature T  and mechanical stress s, 

should be represented not only by the sum of the energies of N  individual 

interacted parts, but also by the sum of all interaction energies ijE : 

ää
¸

+=

ji
ij

i
itotal TETETE ),(),(),( sss .    (1.3) 

The term "thermoelastic" was introduced by Kurdjumov after his light 

microscopic observations of the temperature-dependent athermal and re-

versible growth-shrinkage of individual martensite polydomains in an 

)( NiAlCu -- -alloy in 1949 [4]. As innovative as his observations were at 

the time of the intensive studies of martensite in steels and iron alloys, his 

original additive formula for the total energy of the two-phase mixture was 

simple: 

     AM
el

MA EEEE ++= ,          (1.4) 

where AM
elE  is the elastic energy of the 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 sparse formula (1.4) only mean, in 

view of the above general explanations, that the austenite and the marten-
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site in this alloy ï at that time it was far from being about shape memory 

effects (SMEôs) and shape memory alloys (SMAôs) ï are separated by areas 

of elastic deformation, so that the both have common atomic planes, and 

the AM  phase boundaries thus can remain movable. They say nothing 

about the energy dissipation and the hysteresis as well as about the coher-

ence of phase boundaries despite huge 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 (thermoelastic) equilibrium of two phase system during the 

transformation. 

Since then, the thermoelasticity model developed on the basis of 

Kurdjumov's discovery and the innumerable it accompanying experimental 

investigations have tried to answer all these questions. This succeeds some-

times more sometimes less, and sometimes some experimental results in 

special cases, such as, for example, the isostress-isothermal transformation 

with a one phase boundary [5], contradict directly this model. 

The thermoelasticity model considers the athermity of the martensitic 

forward and reverse transitions as a result of the elastic energy storage at 

the AM  phase boundaries. Such storage results in a shift in the transition 

temperatures, i.e. the athermal growth-shrinkage of individual martensite 

polydomanes observed by Kurdjumov when the temperature decreases and 

increases. The process is represented as a transformation trajectory )(Tz  

with a negative slope 0
)(
<

dT

Tdz
, where 

MA

M

mm

m
z

+
=  is the martensite 

phase fraction. 

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

titative relationship between the system parts, e.g. [54] and [55], through 
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the martensite phase fraction in the additive formula: 

     AM
el

MA EzEzEE +Ö+-Ö= )1( ,      (1.5) 

which are also generally used to describe the properties of SMAôs, such as 

e.g. the electrical resistance (§4.2.2): 

zRzRR MA Ö+-Ö= )1( ,           (1.6) 

applies in the two-phase range. Only this improvement omitted the third 

term in (1.4), which does not occur at all in (1.1). However, this question 

concerns the distribution of elastic energy between the both phases and in 

the entire two-phase system, which is decisive for the thermodynamic be-

havior of the system. 

The elastic energy arises from the elastic interaction of the austenite 

with the martensite at the coherent AM  phase boundaries. But how do the 

martensite polydomains interact with one another, and what energy contri-

bution does this interaction make to the elastic energy of both the individu-

al phases and the entire system? Whether and how do the elastic energies 

A
elE  and 

M
elE  of the both phases change during the transformation? The 

attempt [76] to represent the third term AM
el

E  in (1.4) simply by the num-

ber of AM  phase boundaries as a function of the martensite phase fraction 

)1( zzAEAM
el

-Ö= , analogous to the model of the coherent equilibrium for 

coherent precipitates [38], led ad absurdum, since the thermoelasticity 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 temperature trajectory )(0 zT  during the martensitic forward 
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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 positions of this )(0 zT -trajectories at 

that. Tong and Wayman [6] determined as the first by measuring the elec-

trical resistance of a Cu-based SMAôs as a function of the temperature 

)(TR  in partial transformation cycles that the equilibrium temperature tra-

jectory )(0 zT  runs parallel to the transformation trajectories )(TzAM
 and 

)(TzMA
. Two parallel starting temperature lines )(zM s  and )(zAs  were 

determined at that for the forward (AM ) and reverse (MA) transformations 

in partial cycles [7]. In these resistometric studies a very unusual ratio 

)0()1( =<= zMzA ss  was observed, which was even considered as a crite-

rion for the initial classification of SMA's. The equilibrium temperatures 

were defined as mean values on the basis of these experimental data: 

2
)0(0

fs AM
zT

+
==  and 

2
)1(0

sf AM
zT

+
== .  (1.7) 

Two similar lines, forming a latent hysteresis, were also found in all 

other experimental investigations of this kind, in which, however, the ratio 

)0()1( =>= zMzA ss  was rather the normal case. However, these lines ran 

very differently both to the transformation trajectories and to each other. 

Directly X -ray recordings [8] of the hysteresis loops in partial cycles of 

the martensitic forward and reverse transformations of polycrystalline 

5,05,0 TiNi -SMA showed two parallel lines perpendicular to the tempera-

ture axis. 

Calorimetric examinations of the partial transformation cycles [9, 11, 
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12, 14, and 15] also showed two lines )(zM s  and )(zAs  with different in-

clinations to the temperature axis inclusive 0
)(0 =

dz

zdT
 (perpendicular to 

the temperature axis, even if in most cases only up to 5,04,0 ·=z ), 

0
)(0 <

dz

zdT
 or also 0

)(0 >
dz

zdT
 in different mono- and polycrystalline 

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

equilibrium temperature was taken as the mean: 

2
0

ss AM
T

+
=               (1.8) 

similar to that defined for isothermal transformations in steels. 

During such calorimetric studies of partial transformation cycles, the 

Return Point Memory effect (RPM-effect) came to light [13, 14, and 16], 

which can be observed as a slowdown in the subsequent complete trans-

formation at the reversal points marked in previous  partial cycles of the 

reverse transformation. 

The RPM-effect was also discovered in partial cycles of uniaxial ferroe-

lastic tension-compression deformation (fe ) through reorientation of 

thermo-induced martensite polydomains in the martensitic state at tempera-

tures fMT< , i.e. without the involvement of AM  phase boundaries in 

)( AlCu- -based SMAôs [10, 13, and 14]. In addition, a line 0)(0 ºfes  of 

global indifferent ( 0
)(0
=

f

f

d

d

e

es
) equilibrium between +mM  and -mM  

martensite macromonodomains and m
mM  martensite micromonodomains as 

transition zones between the both martensite macromonodomains or a nu-

cleus of a macromonodomain within the other one  during the reorientation 



12 

 

was determined for SMAôs with a narrow ferroelastic hysteresis. The ferro-

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

yield point (index fy ) of both the tensile t
fys  (index t ) and the compres-

sive deformation c
fys  (index c) lie on this line. 

The equilibrium line constf =)(0 es  ( 0
)(0
=

f

f

d

d

e

es
) in -- )( fes dia-

grams of ferroelastic deformation is very similar to the Maxwell line 

constVp =)(0  ( 0
)(0 =

dV

Vdp
) in -- )( Vp diagrams of the Van der Waals 

isotherms in kinetic gas theory. The same behavior  constp =)(0 es  

( 0
)(0
=

p

p

d

d

e

es
)
 
is shown by the -- )( pes diagrams of the pseudoelastic 

tension-compression deformation of SMA-specimens in the austenitic state 

at temperatures fAT >  [12, 14], which is caused by the nucleation and 

growth of martensite micromonodomains within the austenite matrix (to be 

observed under a light microscope as martensite lamellae).  

Calorimetric investigations of the pieces cut out of the tensile-

compression-samples after several ferroelastic deformation cycles showed 

[13, 14] that the starting temperature of the martensitic reverse transfor-

mation at the first heating is much higher CAA sfs ¯·+= )10050()(e  than 

that in the initial samples as well as in further cooling-heating cycles of the 

same deformed specimens. Even then, the phenomenon was interpreted as 

stabilization of martensite through ferroelastic deformation [13]. 

In other studies [17, 18] also on NiTi -based SMAôs [19 ï 21], this effect 

was understand as a deformation- or stress-induced stabilization of marten-
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site, similar to the previously known thermal martensite stabilization in 

Cu-based SMAôs [22 ï 24]. The explanation for this kind of stabilization 

as well as for the other effects such as two-way memory effect and 

SMART effect [25, 26] were mostly sought in external effects 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 experimentally guilty and crumbles more and 

more in conceptless mosaic under the weight 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 two-phase system 

The first fundamental question that needs to be clarified would be the 

one about the interaction. Where is the elastic energy stored, equally in the 

entire two-phase system or differently in individual phases, and what hap-

pens when this stored elastic energy dissipates, if its sources annihilate dur-

ing the transformation? 

The long-range interaction of the elastic stresses 0̧AM
els  at the coher-

ent AM  phase boundaries extends equally throughout the entire system. 

The elastic energy is the same everywhere with the equality 

GGG MA ==  valid for the elastic modulus of the both phases: 

   222
el

AM
elel

MM
elel

AA
el GEGEGE eee Ö==Ö==Ö= .   2.1.1) 

a

U
A'
+E

el

U
M

p

+E
el

U
M

p

U
A'

E
el

F
A'
+E

el

F
M

p

+E
el

F
M

p

F
A'

T
0

T

F

 

0 1

0

1

b

U
M

p

=U
M

m

U
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p
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m
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Fig. 1. Free energies of stress-free and elastically loaded austenite and martensite 

(a). Free energies of the stress-free stable (A ) and metastable ( 'A ) austenite as 

well as of the polydomain ( pM ) and monodomain ( mM ) martensite with the cor-

responding equilibrium temperatures '0T  and 0T  (b). 

The arising of elastic energy only increases the energy of the entire AM  

two-phase system AM
elE  and thus leads to a decreasing of the transfor-

mation start temperature below the equilibrium temperature 0TMs<  (Fig. 
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1 a). The increase in energy is compensated for by the difference in the free 

energies of the both phases (Le Chatelier-Braun principle): 

AM
el

MAAM ETFTFTF =-¹D )()()( . That and only that implicitly in-

cludes Kurdjumov's thermoelasticity model in (1.4). It says nothing about 

the equilibrium temperature 0T  in itself. 

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

temperature 0T  (Fig. 1 a). The equilibrium temperature is only influenced 

by the relative change in the free energies of the involved phases 

0)()()( ¸-¹D zFzFzF M
el

A
el

AM
el : this increases by the energy increasing of 

the austenite 0)( >D zEAM
el  and decreases by the energy increasing the 

martensite 0)( <D zEAM
el  (Fig. 1 b). 

Such energetic changes take place in the system to be transformed dur-

ing the martensitic forward and reverse transformations and not only in the 

transformation temperature range, but also permanently beyond that. The 

contributions AM
elE  to the elastic energy of theAM  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 considerations assume that the free energy (Helmholtz potential) 

of the thermodynamic system )( i
XSys xFF =  is a real continuous function 

(Fig. 3) of intensive state variables Txi ,s¹ . The function )( i
X xF  de-

scribes the entire unitary constituted complex thermodynamic system with 

interaction in each of its states mpp MMMAAAX ,,',',¹ , with indices 

pointing: A to the stable, 'A  to metastable austenite, mM  to a martensite 
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macromonodomain, pM  to martensite polydomains and pMA'  to the two-

phase )'( pMA+ -state. The complete free energy of the two-phase pMA' -

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

ergy of the complex elastic interaction )(' zE
pMA

el  between the both phases 

(1.5). 

The prerequisite for a real continuous function )( i
X xF  is fulfilled if the 

symmetry subgroup of the low-symmetrical martensite consists exclusively 

of the elements of the symmetry main group of the high-symmetrical aus-

tenite, like that implies the Ginsburg-Landau theory both in its original 

form [29] and in its relation to the martensitic transformations [43]. This is 

the case in most SMAôs. 

In this case, the function )( i
X xF  is continuous and differentiable over 

the whole existence area of the thermodynamic system, and all its possible 

changes due to changes in the intensive variables ix  can be represented by 

the total differential: 

ä
µ

µ
=

i
i

i

i
X

i
X dx

x

xF
xdF

)(
)( .       (2.1.2) 

The partial derivatives in (2.1.2) for intensive state variable s,Txi ¹  

result in the corresponding extensive state variables such as entropy 

s
dT

TdF
S

)(
=  (Fig. 1 a, b) and martensitic deformation TM

d

dF

s

s
e

)(
= . 

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

(the smallest constraint), when the function )( i
X xF  shows one or more 

extremes at some critical points ix0 . This is the case when the total differ-
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ential (2.1.2) at the values 
ijxii xx
¸

= 0  corresponding to these critical 

points is equal to zero, as Figure 3 shows for the potential )(eF
C

 at 001=e
C

 

and Mee
CC
=02 . The equilibrium state variables ix0  are determined from the 

equilibrium condition 0)( 0 ==
i̧jxii xxdF . 

An equilibrium is either unstable, if:  

0
)(

2
0

2

<
=

i̧jx
i

ii

dx

xxFd
,         (2.1.3) 

or stable, if:  

0
)(

2
0

2

>
=

i̧jx
i

ii

dx

xxFd
,        (2.1.4) 

and indifferent, if:  

0
)(

2
0

2

=
=

i̧jx
i

ii

dx

xxFd
.         (2.1.5) 

It is in a metastable equilibrium, if the function )( ixF  has, for example, 

two minima at 
ijxi xx
¸

= 01  and 
ijxi xx
¸

= 02 , and the free energy of the 

system corresponds to the energy: 

)()( 0201 ijij xixi xxFxxF
¸¸

=>= ,     (2.1.6) 

while the state with energy )( 02 ijxi xxF
¸

=  would then correspond to the 

global equilibrium. 

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

martensite ),( sTz  and the martensitic deformation ),( se TM  as the exten-
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sive ones versus the temperature T  and the mechanical stress s as the in-

tensive state variables. The changes in the system state are determined by 

the changes in these state variables in their correlation (Le Chatelier-Braun 

principle). 

According to Gibbs' phase rule 2+-= pkf  for a one-component sys-

tem 1=k , which also is valid for the diffusionless martensitic phase trans-

formation without changing the phase compositions, the degree of freedom 

1=f  is calculated in two-phase states 2=p . 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 an equi-

librium line )(0 Ts  separating the austenite and martensite phases on the 

)( T-s -diagram. 

This equilibrium line is described by the Clausius-Clapeyron equation 

adopted for the stress-induced martensitic transformations: 

M

mMAS

dT

d

e

s '
0 D
= .            (2.1.7) 

The variable s is understood as an anisotropic deformation resulting from 

the interaction of external (ext) and internal (int) anisotropic mechanical 

stressses )(int zext sss +=  in a SMA-body. 
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3 Two energetic martensite forms: monodomain and polydomain 

The free energy can phenomenologically and physically describe every 

system state during the temperature decreasing (Fig. 3) with the assump-

tions and definitions made above. Martensite will be considered in two en-

ergetically different forms ï a mono- and a polydomain form. 

3.1 Physical-phenomenological consideration 

3.1.1 Definition of macro-, micromono- and polydomains of martensite 

The first of the two energetically relevant martensite forms would be a 

martensite macromonodomain mM  as a result of the homogeneous shear 

deformation Mg  (Fig. 2 a, first row, first step) of the austenite lattice as a 

whole without secondary invariant displacements: 

     bg tg
d

e

hkl

M
M ==C

C
,             (3.1.1) 

where Me
C

 is martensitic shear vector, hkld  is distance between two neigh-

boring parallel [ ]hkl  lattice atomic planes, [ ]hkl  are Miller's indices. 

The secondary invariant shear deformation, which is listed in the ther-

moelasticity model as the 1st accommodation mechanism and defined here 

as the structural  (crystallographic) accommodation mechanism, leads to 

the formation of twins within a martensite macromonodomain with stack-

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

macromonodomain into a martensite polydomain pM  (Abb. 2 b). The free 

energy of the martensite polydomain is correspondently higher than that of 

the martensite macromonodomain by the elastic energy of the stacking 

faults. 
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One of the both twin parts with a one stacking fault (Fig. 2 b) represents 

a martensite micromonodomain m
mM  as the elementary part of the marten-

sitic phase. The direction of the martensitic shear vector Me
C

 (Fig. 3) does 

not change within a micromonodomain. A martensite micromonodomain is 

therefore the minimal carrier of the maximal martensitic deformation, the 

lattice shear deformation Mg  (3.1.1). 

The low-symmetric martensite macromonodomain can be considered as 

a hypothetical martensite phase without a substructure that occurs in free 

space and not in an elastic environment. This martensite form, despite its 

hypothetical nature, plays a conclusive role in SMAôs behavior, because it 

is in its micromonodomain form also part of a martensite polydomain. The 

transformation of a martensite polydomain consisting of 
m
mM

N  mi-

cromonodomains into a martensite macromonodomain under mechanical 

external or internal stress (Fig. 2 a, second level, first step) is very real and 

no longer hypothetical. 

This transformation into a martensite macromonodomain takes place 

step by step, so that each i th step leads to the reduction of the free energy 

of the martensite polydomain to an energy quantum 

sf
M
i

M
iii SUUu

pp

Ö=-= ++ g11, , with generalized stacking fault energy 

[ ]2-ÖmJg  and area of the stacking fault sfS . Between the two energetic 

martensite forms defined above ï a macromonodomain with energy 
mMU  

and a martensite polydomain with energy 
pMU  ï there is a discrete energy 

spectrum: 



23 

 

    sf
M

N

i
ii

MM SNuUU
m
m

m
mM

mp

ÖÖ==- ä
=

+ g
0

1, ,       (3.1.2) 

where 0=i  is valid for the martensite macromonodomain and m
mNi ,...,1=  

for all existing martensite polydomains with different stacking fault densi-

ties sfn  or with different micromonodomain numbers 
m
mM

N  (3.1.9). 
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Fig. 2. Schematic representation of different martensite forms with changes 

in temperature T  and stress s (a) and an accommodated martensite poly-

domain with a twin substructure (b), bold lines mark twin boundaries be-

tween martensite micromonodomains with the maximal lattice deformation 

g° . Images of real twin substructures of a martensite polydomain in 

NiAlCu -- - (c - light microscopy [32]) and in ZnAlCu -- -single crys-

tals (d - TEM [14]). 

The changes in the free energy of a SMAôs as a complex thermodynam-

ic system with temperature decreasing without mechanical external stress 

from the existence area of stable austenite across the two-phase existence 
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area to the existence area of martensite down within the framework of the 

here developed and as a concept of dual-energetic martensite (CODEM) 

designated quantifying consideration analyzed. 

3.1.2  Martensite macromonodomain transformation and the global 

equilibrium 

During the temperature decreasing, the free energies of the austenite and 

the martensite macromonodomain are the same at one temperature 0TT =  

(Figs. 1 b and 3): 

   
mmm MMMAAA FSTUSTUF =Ö-=Ö-= 00 ,     (3.1.3) 

The equilibrium temperature can be determined from the equilibrium con-

dition (3.1.3) as follows: 

     
mAM

AM

MA

MA

S

U

SS

UU
T

m

m

m

D

D
=

-

-
=

)(
0  .         (3.1.4) 

Below the equilibrium temperature, the free energy of the low-

symmetric martensite macromonodomain 
mMF  is smaller than that of the 

high-symmetric austenite AF . However, a symmetry change as a 

mMA­  transformation of the stable austenite into the more stable mar-

tensite macromonodomain does not take place due to the lattice shear de-

formation Mg  either at the equilibrium temperature 0T  or during the fur-

ther temperature decreasing. An energy barrier 2

2

1
M

AM
B GU

m

gÖ=  prevents 

the formation of the martensite macromonodomain with the huge lattice 

deformation (3.1.1) within the elastic austenite matrix. 

In the continuous function of free energy )(eF A C
 (Fig. 3), the energy 



25 

 

barrier is shown as a maximum between two minima corresponding to the 

austenite )0( =eF A C
 and to the martensite macromonodomain 

)( M
M eeF

m CC
= : 

mMA
MB STTGTF '

0
2 )(

2

1
)( DÖ--Ö= g .       (3.1.5) 
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Fig. 3. Schematic representation of the 

free energy as a continuous function of 

the lattice shear vector upon tempera-

ture decreasing. 

Fig. 4. A hysteresis between )(' Tz
pMA  and  

)(' Tz AM p

 transformation trajectories ascer-

tained from the calorimetric data. 

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

perature (3.1.4), but in a metastable state given the positive energy differ-

ence 0)()(' >-=D TFTFF
mm MAMA

 between the austenite and the mar-

tensite macromonodomain (2.1.6). 

3.1.3 Premartensitic state 

The energy difference 0)( 0
' ><D TTF

mMA
 increases during the tem-

perature decreasing below the equilibrium temperature 0T  due 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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0)()( '
00 >DÖ-=<D

mMA
B STTTTF .          (3.1.6) 

The entropy difference 0
'

'' >-=-=D
dT

dF

dT

dF
SSS

m
mm MA

MAMA  in 

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

)('
0 TF A

e d°=  (Fig. 3) and accordingly to a lowering of the elasticity modu-

lus as the temperature decreasing: 

     0

),(

)(
2

'2

>
ù
ù

ú

ø

é
é

ê

è

ö
ö

÷

õ

æ
æ

ç

å

=
dT

d

TFd
d

dT

TdG T

A

e

e

,        (3.1.7) 

which was found experimentally and is known as softening of the elasticity 

modulus [1]. 

The lowering of the energetic barrier and the flattening of the )('
0 TF A

e d°= -

minimum can be intensified in intermetallic compounds as NiTi , MnCu 

well as by the electron-phonon interaction [34], in which the Fermi-surface 

and Brillouin-zone come into contact solely through thermal expansion. As 

a result of further cooling, the Fermi-surface and thus the energy of free 

electrons is reduced. 

The equilibrium temperature 0T  reveals itself also experimentally in 

other effects. It is known that the deformation induced martensite is only 

possible up to a limit temperature sd MMT >¹  [35]. The stress-induced 

martensitic transformation of SMAôs (pseudoelasticity) only takes place in 

a limited temperature interval ssp MTT -¹D  [36]. In this temperature inter-

val, i.e. in the area of the softening of the elasticity modulus. In this area is 

valid the ratio similar to Clausius-Clapeyron-equation (2.1.7), which is de-

rived directly from the equilibrium line )(0 Ts  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 temperatures 0TTM sd ¹¹ , which can be considered as 

an experimental existence evidence of the global equilibrium temperature 

0T  between the stable austenite and the martensite macromonodomain.  

3.1.4 Transformation of a martensite polydomain and local equilibrium 

The second energetically relevant martensite form is then the actually 

observed thermo- induced martensite polydomain pM  (Fig.2 a first level, 

second step; Fig. 2 c, d) with a substructure (twins, stacking faults) [31-

33], which is caused by secondary invariant lattice deformation (Fig. 2 b), 

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

(the structural accommodation mechanism). The free energy 
pMF  of such 

a martensite polydomain is higher than that of the martensite macro-

monodomain by the contribution sfU  (3.1.2): 

pmppp M
sf

MMMM STUUSTUF Ö-+=Ö-= .      (3.1.8) 

The polydomain martensite form (Fig. 2 c, d) with movable twin 

boundaries is responsible for all shape memory effects. The schemes (Fig. 

2 a) represent the structural backgrounds of the one-way memory effect 

(Fig. 2 a, second level), ferroelasticity (Fig. 2 a, third level) and pseudoe-

lasticity (Fig. 2 a, fourth level). Detailed description of all these effects is 

given in §§4.5.1-4.5.3. 

The energy contribution sfU  in (3.1.8) and (3.1.2) can also be deter-

mined by the stacking fault density [ ]
pM

sf
sf

h

N
m =-1n  in a martensite polydo-
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main (Fig. 2 b) with a height hkl
M dNh

p

Ö=  and the shear planes number 

N  along the normal to the stacking fault plane or to the shear planes and 

with the stacking faults number 
m
mM

sf NN ¹  (Fig. 2 b, c, d): 

ppp MM
sfsf

M
sfsf VkhSU Ö¹ÖÖÖ= ng ,       (3.1.9) 

where [ ] pp M
sf

M hSmV Ö=3  is volume and [ ]
p

p

M

sf
sf

M
sf

V

U
MPak =Ö¹ ng  

is the specific (per volume unit) stacking fault energy of the considering 

martensite polydomain. 

At a temperature 00' TTT <= , the equilibrium between the metastable 

austenite 'A  and a martensite polydomain pM , which is also metastable 

compared to the stable martensite macromonodomain (Fig. 1 b), is 

reached: 

 
ppm MM

sf
MAAA FSTUUSTUF =Ö-+=Ö-= '' 0

'
0

'' .   (3.1.10) 

The equilibrium condition (3.1.10) can be rewritten as follows: 

0' '
0

'' =DÖ-Ö-D=D
pppmp MAMM

sf
MAMA STVkUF .   (3.1.11) 

The second term in (3.1.11) corresponds to the work 

pp MM
sf

VkVp DÖ=DÖ  or ees Ö=Ö
pM

sfk  in thermodynamic potentials, so 

that the specific stacking fault energy 
pM

sfk  introduced in (3.1.9) can also 

be identified as mechanical stress [ ] [ ]MPaMPak
pM

sf s¹  according to its 

measurement unit. 

The local equilibrium temperature between the metastable austenite 'A  
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and the metastable martensite polydomain p
M  results from (3.1.11): 

     
p

ppm

MA

MM
sf

MA

S

VkU
T

'

'

0'

D

Ö-D
= .       (3.1.12) 

The difference between (3.1.4) and (3.1.12): 

p

ppmm

MA

MM
sf

MA

mAM

AM

S

VkU

S

U
TT

'

'

00 '

D

Ö-D
-

D

D
=-      (3.1.13) 

shows the difference between the global and local equilibrium tempera-

tures. This difference can arise not only through the contribution of the 

stacking fault energy, but also through the smaller entropy 
mMpM SS <  or 

pMAmAM SS 'D<D  (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 temperature 0T  is a fundamental quantity of a SMA, which on-

ly depends on the internal energy and the factors influencing it, such as the 

alloy composition or valence-electron concentration ae/  (the number of 

valence electrons e per an atom a ) [115]. On the other hand, the local 

equilibrium temperature '0T , which also determines all characteristic trans-

formation temperatures, is additionally influenced by many other metallur-

gical factors (alloying, heat treatment [37], internal stresses, etc.) that in-

fluence the energy and density of stacking faults. These factors change the 

temperature difference '00 TT -  without affecting the global equilibrium 

temperature 0T . 

In view of 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 martensite monodomain with an increased 

equilibrium temperature '0sT  in the temperature range 000 '' TTT s ¢< . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

3.2  Transformations of the polyvariant polydomain martensite 

3.2.1 Phase boundaries and transformation temperatures 

Reaching the local equilibrium temperature '0T  only means that the 

stacking fault energy in (3.1.11) is balanced by the entropy term. However, 

the formation of a martensite polydomain within the elastic austenite ma-

trix requires the surmounting of another energy barrier. The height of this 

barrier is determined by the elastic energy of the coherent pMA'  phase 

boundaries between the metastable austenite and an accommodated mar-

tensite polydomain (Fig. 2 b, c, d), which is the real subject of Kurdjumov's 

thermoelasticity model. 

The elastic energy of a pMA'  phase boundary is directly related to the 

non-accommodated lattice deformation of a martensite polydomain: 

     )1( I
aM

M
el ktg

p

-Ö== gJe ,          (3.2.1) 

where 110 ¢
öö
ö

÷

õ

ææ
æ

ç

å

-=¢
M

M
elI

a

p

k
g

e
 is the accommodation degree achieved by 

the structural accommodation mechanism. The non-accommodated defor-

mation causes elastic shear stresses at the coherent pMA'  phase boundary: 

( )IaMel kG -Ö= 1
2

1
gs .             (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 phases'A  and pM  (Fig.1 

a): 

     ( )22 1
2

1 I
aMel kGU -Ö= g             (3.2.3) 
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The non-accommodated deformation (3.2.1) is the basis of the dilation 

of SMAôs and can be determined experimentally (§4.4.3), although the di-

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

modation mechanism, so that 
pM

eld ee <  is. The accommodation degree I
ak  

in (3.2.1) is naturally linearly related to the stacking fault density sfn . 

The presence of the energy barrier (3.2.3) requires a further increase in 

the entropy contribution due to the undercooling for the formation of a 

martensite polydomain, until the equilibrium 

ppp M
els

MAMA UMTSF =-ÖD= )''( 0
''

      (3.2.4) 

is reached at a starting temperature '' 0TMT s<=  (Fig. 4). 

The first martensite polydomains form at the martensite start tempera-

ture 'sM  that can actually be measured. The energy won through further 

undercooling compensates for the energy contribution of coherent pMA'  

phase boundaries between the metastable austenite 'A  and the )(TN
pM  

martensite polydomains formed in the temperature range 'ss MTM << , 

whereby sM  is the extrapolated (Fig. 4) starting temperature. 

The total contribution of 
pMN  martensite polydomains, which hardly 

interact elastically with one another, to the free energy of the two-phase 

system can be calculated simply additive: 

pMp

pMA
p
i

p

NuUTU M
el

N

i

M
el

M
el Ö== ä

=

'

1

)( .      (3.2.5) 

As the cooling continues, this elastic energy is also compensated by an en-

ergetic entropy contribution: 
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 ( ) )(' '
0

' TNuSMTF

pMppp M
el

MA
s

MA Ö=DÖ-= ,       (3.2.6) 

so that further )(TN
pM  martensite polydomains can form. 

How the local equilibrium temperature )('0 zT  behaves during the for-

ward transformation depends on the changes in energy within the marten-

sitic phase, primarily due to the number of internal martensitic ppMM  

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

density 
p
iM

sf
n  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 between scattered martensite polydomain intensi-

fies with further cooling sMT<  and the increasing the martensite poly-

domain number )(TN
pM

. The total energy of the two-phase system can 

therefore no longer be calculated additively. The equation (3.2.5) must con-

sequently get an energetic term describing this interaction. 

The martensitic forward transformation generally takes place not only 

through the nucleation of new martensite polydomains, as in the tempera-

ture range ss MM ·' , but also through their growth. The transformation ki-

netics: 

     T
dT

dz
z ## Ö=                  (3.2.7) 

is characterized by the slope 
dT

Tdz )(
 of the transformation trajectory )(Tz  at 

a constant scanning rate constT=# , at that 0
)(
<

dT

Tdz
 corresponds to the 
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athermal kinetics   represented by the thermoelasticity model. 

The forward and reverse transformation trajectories )(' Tz
pMA  and 

)(' Tz AM p

 build a hysteresis loop (Fig. 4). The forward transformation tra-

jectory ( 0<T# ) has three kinetically different sections: An acceleration sec-

tion 0' >
pMAz##  of the autocatalytic nucleation in the temperature range 

ss MM ·' , a section of the rapid, almost linear increase constz
pMA ='# , 

0' =
pMAz##  of the martensite phase fraction through growth or nucleation 

and growth of scattered martensite polydomains in the temperature range 

fs MM ·  and a the slowing down section 0' <
pMAz##  of the transfor-

mation in temperature range 'ff MM · . 

The reverse transformation trajectory )(' Tz AM p

 shows similar sections 

during heating )0( >T# : Acceleration 0'>AM p

z##  of the nucleation of aus-

tenite as splitting of each internal martensitic ppMM  domain boundaries 

in two pMA'  phase boundaries in the temperature range ss AA ·' , rapid 

almost linear ( 0'=AM p

z## ) shrinking or disappearance of martensite poly-

domains in the temperature range fs AA ·  and slowing down ( 0'<AM p

z## ) 

of the reverse transformation in the temperature range 'ff AA · . 

The characteristic transformation temperatures without apostrophes are 

determined by extrapolating (Fig. 4) the linear sections of the transfor-

mation trajectories )(Tz  to 0=z  ( fs AM , ) and to 1=z  ( sf AM , ) [9, 11, 

and 14], while those with apostrophes marked temperatures reflect the de-



35 

 

viations of the transformation trajectories outside of the transformation 

temperature ranges fs MM ·  and fs AA ·   correspond to deviations on 

the real measurement curves [6, 7]. 

It is now our purpose to determine and to describe the energetic process-

es that are hidden behind these kinetic changes during the martensitic for-

ward transformation. The elastic interaction between separated martensite 

polydomains leads to a change in the elastic energy of the two-phase sys-

tem and its redistribution in single 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 )(Tz  instead of the separated polydomains number. 

Building of complex conglomerates consisting of merged martensite 

polydomains or their different orientation variants as a result of the mor-

phological accommodation mechanism effect leads to the pairwise annihi-

lation of the 
p
iMA'  phase boundaries with the emergence of single internal 

martensitic ppMM  domain boundaries. This conversion process, driven 

by the elastic interaction of the separated martensite polydomains, can be 

considered as the 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]: 

     )1( zzc -Ö=f .               (3.2.8) 

The difference to bubble coalescence is that an internal martensitic do-

main boundary remains between two coalesced martensite polydomains 

and makes its contribution to the free energy of the martensite phase. The 

energy won for the whole two-phase system: 
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0'' >-=D
pppp MM

el
MA

el
MA

el UUU         (3.2.9) 

is mainly ensured by the fact that only one internal martensitic ppMM  

domain boundary is created instead of two 
p
iMA'  phase boundaries. The 

elastic energy of the two-phase system is thereby at least halved. The ener-

gy obtained (3.2.9) is dissipated as acoustic emission (§4.1) and contributes 

the main part to their intensity. 

The morphological accommodation mechanism effects also the reduc-

tion of the elastic stresses at the ppMM  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 environment of the martensite polydomains 

and leads to a reduction in the stacking fault density within the separated 

martensite polydomains growing together. 

The energy of these martensite polydomains is thereby reduced to a cer-

tain number of energy quanta (3.1.2), and the equilibrium temperature 

)('0 zT  increases (Fig. 1 b). The internal martensitic ppMM  domain 

boundaries simultaneously increase the elastic energy of the martensite 

phase and lower the local equilibrium temperature )('0 zT . The total elastic 

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

tion of the forward transformation requires less undercooling and the slope 

dT

Tdz )(  of the transformation trajectory )(Tz  increases. 

The number of pMA'  phase boundaries during the forward transfor-

mation ( 10 ¢¢z ) can be described by the experimentally measurable vari-
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ables 
p

f

M
M

N , the number of merged martensite polydomains at the end of 

the forward transformation in the martensitic state  )( fMT = , and )(Tz : 

)(2)(' zNzN c
M
M

MA p

f

p

fÖ= .        (3.2.10) 

The factor ñ2ò in (3.2.10) only indicates that each martensite polydomain 

forms two pMA'  phase boundaries in its lamellar or plate shape, which 

annihilate during the polydomain coalescence. 

The development of the elastic energy of pMA'  phase boundaries is ac-

cordingly determined by changing their number (3.2.10): 

  )1(2)(2)(' zzKzNuzU elc
M
M

M
el

MA
el

p

f

pp

-Ö¹ÖÖ= f .    (3.2.11) 

The number of internal ppMM  martensitic domain boundaries is naturally 

related to the number of pMA'  phase boundaries as follows: 

[ ] 2)()( zNzzNzN
p

f

p

f

pp M
Mc

M
M

MM Ö=-Ö= f      (3.2.12) 

and determines the development of elastic energy within the martensite 

phase: 

)()( 22 TzKzNuzU el
M
M

M
el

MM
el

p

f

ppp

Ö¹ÖÖ= .     (3.2.13) 

The contributions of the elastic energy of pMA'  phase boundaries and 

internal martensitic ppMM  domain boundaries to the elastic energy elU  

of the whole two-phase system in the area 10 ¢¢z  can then be represented 

in the traditional way by the phase fraction of the martensite z and the aus-

tenite )1( z- : 
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32' )1(2)1()( zKzzKzUzUzU elel
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el
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elel

ppp

Ö+-Ö=Ö+-Ö= . (3.2.14) 

In the normalized form: 

)342(
)( 32 zzz

K

zU

el

el +-=          (3.2.15) 

can the function )342()( 32 zzzzu +-=  be easily analyzed and graphically 

represented including its individual terms )1()( zzzu -Ö=  and 
2)( zzu =  

(Fig. 5 a). 
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Fig. 5. Changes in the energy factors )1()( zzzu -Ö=   (dashed line), 
2)( zzu =  

(dotted semi-parabola) and )342()( 32 zzzzu +-=  (solid line) during the for-

ward (a) and reverse (b) transformations. 

It can be seen that the elastic energy of the pMA'  phase boundaries or 

the number of pMA'  phase boundaries (function )1()( zzzu -Ö= ) reaches 

its maximum at 5.0=z  and is no longer present at the end of the transfor-

mation because of the coalescence. The elastic energy or the number of in-

ternal martensitic ppMM  domain boundaries (function 
2)( zzu = ) rises 

meanwhile parabolically. Development of the total elastic energy from all 

boundaries and their interaction is represented by a sinusoidal curve with a 

maximum at 16.0ºz  and a minimum at 74.0ºz . 

  Such a complicated development of the elastic energy during the for-
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ward transformation is mainly due to the 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 stresses on the phase boundaries and thus minimiz-

ing the free energy of the two-phase system. The structural accommodation 

(accommodation degree I
ak ) initially reduces these stresses through stack-

ing faults incorporation [111] into the elastic range below the plastic yield 

point yss< . 

The morphological accommodation (accommodation degree II
ak ) addi-

tionally reduces these elastic stresses and thus the elastic energy of the two-

phase system. This also influences the accommodation degree I
ak , so that 

the resulting dilatometrically (§4.4.3) determined accommodation degree 

10 ¢¢ ak  cannot be represented as a simple sum of the both accommoda-

tion degrees, but as a sum, for example, of the interacting terms: 

II
a

I
a

II
a

I
aa kkkkk Ö++=  .          (3.2.16) 

Since the martensitic reverse transformation in SMAôs takes place in the 

exactly opposite sequence [6], the last-formed internal martensitic ppMM  

domain boundaries split when heated above the temperature '' 0TAs ²  than 

the first into two pMA'  phase boundaries with an increase in the elastic 

energy of the two-phase system, which always requires further overheating. 

The splitting of a ppMM  domain boundary into two pMA'  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 

be presented as the line determined for the forward transformation, but mir-
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rored relative to the diagonal zKzU elel =/)(   (Fig. 5 b). 

The complete free energy of the two-phase system is now supplemented 

by the three-part interaction energy: 

el
MAMA UzFzFzF

pp

+Ö+-=+ )1()( '' ,       (3.2.17) 

or: 

)342()()( 32'''
0

' zzzKzSTUFzF el
MAMAAMA ppp

+-Ö+ÖDÖ-D-=+ .  (3.2.18) 

After solution of the quadratic equation for the equilibrium condition: 

0982 2''
'

=Ö+Ö-+DÖ+D-=
+

zKzKKSTU
dz

dF
elelel

MAMA
MA pp

p

,     (3.2.19) 

can be, first the transformation trajectory )(Tz  determined as an analytical 

function and, secondly the 2,1z  extremal values calculated, which are easier 

to determine graphically (Fig. 5 a): 16.01=z  and 74.02=z .  

The second derivation: 

     )818(
2

'2

-Ö=
+

zK
dz

Fd
el

MA p

         (3.2.20) 

shows that the value 16.01=z  corresponds to a maximum 

012,5
2

'2

<-=
dz

Fd
pMA

 and the value 74.02=z  corresponds to a minimum 

032.5
2

'2

>=
+

dz

Fd
pMA

 of the elastic energy. The pMA'  phase boundaries 

and internal martensitic ppMM  domain boundaries are therefore at 

16.01ºz  in an unstable, at 74.02ºz  in a stable and at 44.03ºz  in an in-

different equilibrium. 

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

0
'

=++=
+

disnchch

MA

fff
dz

dF
p

,       (3.2.21) 

where the driving forces are called chf  chemical, nchf  non-chemical and 

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

driving forces can then be interpreted as follows: 

pMA
ch Ff 'D-= , )98(2 2zzKKff eleldisnch -Ö+=+ .    (3.2.22) 

The non-chemical and the dissipative driving forces cannot be separated 

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 44.0
9

4
º>z , i.e. only for the second half of the forward trans-

formation. The two-phase system is unstable in the 44.00 <<z  area (Fig. 

5 a). 

The solutions 16.01=z  and 74.02=z  resulting from (3.2.19) corre-

spond to the maximum and the minimum of the function 

)342()( 32 zzzzu +-= . Between these two extremes there is a rapid in-

crease in the martensite phase fraction with an almost linear slope of the 

transformation trajectory )(Tz . The linear extrapolation to 0=z  and to 

1=z  from this area of rapid growth is used to determine the characteristic 

transformation temperatures, which makes the meaning of these extrapolat-

ed temperatures clear. 

In the area of instability  16.00 <<z  ( 'ss MTM << ) 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 surface-to-volume ratio. In a 

mostly very extensive area 174.0 <<z  ( ff MTM <<' ), where the in-

creasing elastic energy of the martensite phase dominates the total energy 

of the two-phase system, the increase in the martensite phase fraction )(Tz   

is slowed down. 

In which way does each of the three contributions of the elastic energy 

in (3.2.18) as well as their combined effect influence the local equilibrium 

temperature )('0 zT  during the martensitic transformation cannot be calcu-

lated directly. In general, as already discussed above, the slope 
dz

zdT )('0  of 

the equilibrium temperature trajectory within the hysteresis loop, in con-

trast to the slope 
dT

Tdz )(
 of the transformation trajectory, is caused not due 

to a change in the energy of the two-phase system as a whole, but only due 

to a relative change in the energy of the martensite phase (Fig. 1 b). 

The equilibrium temperature trajectory 
pMA

el SKT '
0 /2' D=  becomes a 

vertical line, if the energy contributions 2)( zKzU el
MM

el

pp

Ö=D  from the 

internal martensitic ppMM  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 

zVU sf
M
sf

p

ÖÖDÖ=D ng , where 
pMVzV =Ö  is the volume of a SMA 

sample,  compensate each other: )()( zUzU
pp M

sf
M
el D=D . That is the case 

for the growth section 44.016.0 <<z . 

A negative slope 0
)('0 <

dz

zdT
 can be attributed to the increase in the free 
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energy of the martensitic phase )()( zUzU
ppp M

sf
MM

el D>D  due to the in-

tensive multiplication of the internal martensitic ppMM  domain bounda-

ries. The case occurs at 44.0²z  where the term  2)( zKzU el
MM

el

pp

Ö=  

(Fig. 5 a) dominates. A positive slope 0
)('0 >

dz

zdT
 sets in the case  

)()( zUzU
ppp M

sf
MM

el D<D . The relationship 

)(

)(

zU

zU
p

pp

M
sf

MM
el

D

D
 is strongly 

related to the hysteresis properties (hysteresis width, slope of the transfor-

mation trajectories), i.e. with crystallographic, morphological and thermo-

dynamic transformation parameters. 

3.2.3 The role of habitus plain and orientation relationships 

The elastic energy density of single coherent pMA'  phase boundaries is 

determined by the elastic stresses on tthese boundaries, which depend on 

the orientation relationships between the crystal lattices of the austenite and 

the martensite [39ï42] and are mainly concentrated at the ends of wedge-

shaped martensite polydomains (Fig. 8 d). 

These stresses are reduced by the formation of twins in martensite poly-

domains. This structural accommodation results in a redistribution of the 

elastic energy between the two phases ï decreasing the elastic energy of 

austenite, increasing the elastic energy of martensite and thereby lowering 

the local equilibrium temperature '0T . The energy increase of the 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 

gradation (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 density just as strongly (Fig. 7 a-c). 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 indices depends on the symmetry relation-

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

§2.1.2. 

  
Fig. 6. Change in the twin density due to 

twin gradation [40] with distance from the 

strained habit plane (which in this case is 

also the coherent phase boundary). 

Fig. 7. Change in the twin structure 

and twin density with nucleation 

(a), branching (b) and collision (c) 

of different habitus planes [42]. 

For most non Fe-basic SMAs, the symmetry group consisting of the 

symmetry elements of the low-symmetrical 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 parameters (such as e.g. 

the lattice shear vector in Figure 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 plane [44, 45], the 

smaller is the stress on the habitus plane (smaller elastic energy of phase 

boundaries), 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 plane. The transformations with invariant habitus planes 

should have the narrowest hysteresis loops. 

a b c 

 
Fig. 8. Twin substructure: a ï L- and b V-shaped twin structure in wedge-shaped 

and c ï in lenticular martensite polydomains. Typical moiré contrast in the elec-

tron microscope image at the tip of a martensite polydomain in a ZnAlCu --  

single crystal due to the high concentration of elastic shear stresses (d). 

A strained habitus plane is relieved by the formation of twins as an in-

variant secondary lattice shear deformation (Figs. 6 and 7 a-c). Conse-

quently, the smaller the stress on the habit plane, the smaller are the twin 

density and the elastic energy of the martensite phase, and the higher are 

the transition temperatures. 

In theory [47], the L- (Fig. 8 a) and V-shaped (Fig. 8 b) twin structures 

are energetically equivalent. However, the L-shaped always and V-shaped 

twin structures never are observed experimentally. It is because each of the 

twin shearing deformation begins at the habitus plane in order to relieve it 

and should end at a free interface (phase, grain, block boundary). There-

fore, the V structure in Figure 8 b with its twin-free lower corners does not 

seem to make also energetically much sense. In a lenticular polydomain 

(Fig. 8 c), this question is obviously irrelevant. 

 

 



46 

 

3.2.4 Interaction complexity during the transformation 

All of these considerations indicate that the martensitic forward and re-

verse transformations are accompanied by several cooperating and interact-

ing and not necessarily the same processes. These processes influence as 

well the transformation trajectories )(' Tz
pMA

 and )(' Tz AM p

 as the equi-

librium temperature trajectories )('0 zT  during the forward and reverse 

transformations in various ways. 

This is why most of the experimentally determined hysteresis loops are 

asymmetric. The elastic stresses of pMA'  phase boundaries lead to athermal 

kinetics with a negative slope 0
)(
<

dT

Tdz
 of the transformation trajectories 

)(Tz  without influencing the local equilibrium temperature. The elastic 

stresses of internal martensitic ppMM  domain boundaries, on the other 

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

jectories 
dz

dT '0 . 

The internal martensitic ppMM  domain boundaries in the conglomer-

ates that have grown together from different orientation variants of marten-

site polydomains (always in proportion 
ppp MAMM NN '2= ) increase the 

free energy of the martensite phase and thus lower the local equilibrium 

temperature 0
)('0 <

dz

zdT
. A possible negative change in the stacking fault 

density  0
)(
<

dz

zd sfn
 in the dynamic field of the internal stresses increases 

the local equilibrium temperature )('0 zT  ( 0
)('0 >

dz

zdT
), while a positive 
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change 0
)(
>

dz

zd sfn
 leads to its negative slope 0

)('0 <
dz

zdT
. 

Consideration of redistribution processes of elastic energy through 

changes in the martensite substructure implies different structural-energetic 

martensite states during the transformation. Expressed in a simple way, this 

means that the martensite at the end of the forward transformation 

)1(1 =¹ zMM pp
 related to its substructure (macro symmetry) and energy 

is not the martensite at the beginning of the transformation 

)0(0 =¹ zMM pp
. 

As a result, the equilibrium conditions and thus the local equilibrium 

temperature between the martensite 
p

M1
 and the metastable austenite 'A  in 

the reverse transformation are also different from those between the mar-

tensite 
p

M0
 and the metastable austenite 'A  in the forward transformation. 

This justifies the splitting of the equilibrium temperature trajectory )('0 zT  

into two trajectories )()('0'

0 is
MA

zMzT
p

¹  for the forward transformation 

and )()('
'

0
1

is
AM

zAzT
p

¹  for the reverse transformation, where i  is the 

number of the partial cycle. The two trajectories show their own behavior 

relative to the martensite phase fraction and build an internal latent hystere-

sis. The area of the latent hysteresis corresponds to the energy difference: 

)()()(' ''

0

'

0
01 zwSzTzTF l

D
MAMAAM

el

ppp

=DÖù
ú

ø
é
ê

è
-=D    (3.2.23) 

or the energy won through the redistribution of elastic energy between the 

both phases and dissipated as acoustic emission. 
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Due to such jumble situation, it is difficult to make any theoretical 

statements about the shape of the hysteresis loop of a concrete martensitic 

transformation and about the changes in the local equilibrium temperature 

)('0 zT  during the transformation. On the other hand, it is quite possible to 

determine the position (the equilibrium and transformation temperatures) 

and the width of the hysteresis loops experimentally with the help of di-

verse measuring methods and to control it in a well-aimed manner by add-

ing alloying and thermomechanical treatment, which affects material con-

stants such as the generalized stacking fault energy. 
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4 Experimental measurement methods for SMA-investigations 

The martensitic transformations of SMAôs are accompanied by changes 

in many properties, such as, e.g. the lattice parameters, the specific electri-

cal resistance, the entropy, which are different in the martensite and the 

austenite. This enables, the changes to register and to investigate in various 

experimental measurement methods. In 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 methods is the registration of the acoustic 

emissions (AE). AE measurement has been used successfully since the 

1960s as a non-destructive 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 AE-method, the elastic impulses are converted into electrical im-

pulses in a piezoelectric quartz sensor attached on the polished sample sur-

face with a resonance frequency of kHz400  that is the opposite of an ultra-

sonic transducer. The electrical impulses are electronically amplified and 

registered dependent on the temperature. The 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 AE-intensity )(TI AE  is determined by the number of impulses 

)(TNAE  in the scanning range '' ff AM ·  with a constant scanning rate 

constT=#  and the released, dissipated part 
el

d

U

U
 of the elastic energy 

pMA
elU '  stored at the  pMA'  phase boundaries (3.2.3):           

   [ ]
''

)(1

ffel

d
AEAE

MA

T

U

U
TNsimpI

-
ÖÖ´Ö-

#
.     (4.1.1)  

The AE-intensity of the experimentally determined AE measurement 

curves (Fig. 9 a-c) is in the range of 
143 )1010( -Ö· simp . 

4.1.2 AE measurement curves and their analysis 

The main AE sources during the martensitic transformations of SMAôs 

are, as discussed above, the formation of pMA'  phase boundaries and 

ppMM  domain boundaries as 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. 

Consequently is the number AEN  of AE-impulses in (4.1.1) directly re-

lated to the number of pMA'  phase boundaries depending on the marten-

site phase fraction z (3.2.10): 

         )1(2' zzNNN
p

f

p M
M

MA
AE -Ö=º .     (4.1.2)  

The measurement curves )(TI AE  show purely discrete (Fig. 9 c1), pre-
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dominantly continuous with a maximum (Figs. 9 a1, c2) and mixed (Fig. 9 

b) types in different SMAôs with different martensitic transformations.  
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Fig. 9. AE measurement curves of polycrystalline SMAôs with various martensit-

ic transformations [48]: a ï ZrwtNiwtTi %2%55 --  ( '192 BB ­ , line 1), de-

pendence on thermal cycles (line 2), b ï NiwtAlwtCu %2.4%14 --  

( RB 92ª ), c ï 1: FewtNiwtTi %2%55 --   ( RB ­2 ), 2: single crystal 

MnwtFe %80-  ( fctfcc­ ) [49]. 

 A martensite stabilization was found in  ZrwtNiwtTi %2%55 --  SMA 

through thermo-induced transformation cycles, as is shown by a decrease in 

AE-intensity in the first thermal cycles (Fig. 9 a2). The decrease in AE-

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

       ki
AE eIiI -Ö= 0)( ,              (4.1.3) 

where k  is a coefficient to be determined experimentally. 

The characteristic transformation temperatures can also be determined in 

the AE-method by extrapolating linear sections of the continuous AE 
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measurement curves around the maximum to 0=z  ( fs AM , ) and to 1=z  

( sf AM , ) (Fig. 9 a, b). Since the AE measurement method is very sensi-

tive to single acoustic sources, the first AE-impulses, which are obviously 

associated with the building of severally martensite nuclei, are registered at 

temperatures CMM ss ¯·+º )2010('  (Fig. 9 a, b). In the case of discrete 

AE measurement curves, these temperatures should be assumed as the 

transformation start temperatures. 

With these key data and the coordinates of maxima: 

fs

sMA

MM

TM
z

p

-

-
= max'

max   or 
sf

sAM

AA

AT
z

p

-

-
=- max'

max1 ,      (4.1.4)  

the hysteresis loops can be constructed from continuous AE measurement 

curves, even though somewhat schematically (Fig. 9 d from Fig. 9 b). 

The differences in the character of AE measurement curves determined 

at the same scanning rate allow some conclusions about the morphology of 

the martensite phase. Since it can be assumed that most of the AE-impulses 

within the transformation temperature range fs MM ·  are caused by the 

coalescence of martensite polydomains, it can be said that the strong dis-

crete AE-signals (Figs. 9 b and 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 AE-impulses can also arise from the elastic interaction of mar-

tensite polydomains with grain boundaries or sample edges, which can be 

regarded as a kind of the morphological accommodation mechanism. In a 

wedge-shaped martensite polydomain (Fig. 8 a), the shear stresses are con-

centrated at the spike of the martensite wedge and drastically strengthen 

this interaction, so that martensite wedges with their spikes, driven by the 
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mirror forces, rapidly reach the grain or sample boundaries and transform 

in the martensite lamellas with plane-parallel sides. The elastic energy 

stored at the wedge spikes is released and emitted as AE. 

The discontinuity of the measurement curves )(TI AE  is related to the 

number of AE-sources AEN , the velocity [ ]1-ÖsimpNAE
# , at which they 

arise [109], the AE impulse duration []simpt  and the scanning rate 

[ ]1-ÖsKT# . If several AE-impulses with a longer duration overlap, the meas-

urement curve )(TI AE  becomes continuous. In the AE measurement pro-

cess, the dissipated elastic energy [ ]1-ÖsJ
dt

dUel  released by individual 

sources is registered as separate AE-impulses. 

The first discrete AE sources during martensitic transformations are the 

martensite nuclei that arise explosively after reaching their critical size 

[110]. These are recorded either as individual impulses or as continuous 

measurement curves (Fig. 9 c1 or 9 a1). The growth of martensite polydo-

mains through the movement of partial dislocations, on the other hand, 

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

The annihilation of pMA'  phase boundaries due to the coalescence of 

martensite polydomains provides the main part of the AE-intensity. The 

larger the coalescing martensite polydomains, the greater the intensity of 

every AE-impulses, as in the case of the RB 92­ -transformation of a 

NiAlCu -- -polycrystal in the range 4.01.0 <<z  (Fig. 9 b, d). The frac-

tal structure of the martensite phase [112] means that the AE-intensity is 

determined in the case of the coalescence of smaller and smaller martensite 

polydomains, so that the measurement curve has a progressively continu-

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

morphological factor ml  could be introduced: 

[] ä
=

-Ö=
D
¹-

pM

fM
pp

p N

i

MM
i

M

m VV
VV

V

1

1
l ,      (4.1.5) 

which represents the dependence mAEI l´  of the AE-intensity on the 

martensite polydomain size or on the average relative deviation 
V

V
pMD

 

(V  is the sample volume) of the volume 
pM

iV  of i th martensite polydo-

main volume from the average volume 
pMV  of all 

pM

fMN  martensite poly-

domains in an analytical form. Such a morphological factor, 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 sources 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 (§3.1.1). The reduction takes place in a changing stress environ-

ment of coalescing martensite polydomains. So, every AE-impulse with 

great intensity cannot be directly assigned to a morphological AE-source. It 

can be added from several impulses from the AE-sources described above. 

Therefore, the morphological factor ml  (4.1.5) only partially corresponds 

to its morphological-structural sense and purpose. 

Since the AE-method does not set any special requirements on the AE-

samples other than their sufficient mass and reliable contact with the quartz 

sensor, this is very well suited for the immediate quick tests of the trans-
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formation temperatures during SMA-melting. This method is also, based on 

the research results presented in [48], at the Kiev Polytechnic University 

e.g. successfully used in practice to determine and to more precisely correct 

during manufacture the characteristic transformation temperatures of 

SMAôs, which are very sensitive to the composition. 

 

4.2 Resistometry 

In the case of thermo-induced martensitic transformations s)(Tzz= , 

the characteristic temperatures and thus the parameters of the thermal hys-

teresis are determined by measuring one of the properties X  that change 

due to the transformation as a function of the temperature )(TXX = . One 

of the simplest 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 SMA-resistance, changes in the conductivity of a 

SMA-sample are generally registered. In addition, information about their 

electronic structure or changes are indirectly supplied, which can be not 

only caused by a phase change. 

The specific electrical resistance ][ mÖWr  of phases with low symmetry 

is usually higher than that of phases with high symmetry 

0<-=D MAAM rrr  due to the increasing electron-phonon interaction, 

as it shows the most measurements of martensitic transformations of 

SMAôs. In intermetallic compounds, the Fermi surface and the Brillouin 

zone can intersect when the temperature decreasing because of thermal ex-

pansion alone (§3.1.3), 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 in a narrow temperature interval, where e.g. the martensitic RB ª2 -

transformation takes place. With further cooling, in the '192 BRB ª+  

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, while a precise measurement of 

absolute resistance values is of no great importance, since the specific re-

sistance values for most SMAôs have already been determined.  

The so-called 4-pole measuring method for general measurements of 

electrical resistance is based on Ohm's law RIU Ö= , where I  is current 

and U  is electrical voltage. Through measurements, the specific electrical 

resistance is calculated as a material constant, which is linearly dependent 

on the temperature with a positive temperature coefficient Tk : 

TkT TÖ=)(r , 0>=
dT

d
kT

r
.          (4.2.1) 

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

ometry of a SMA-sample with a length L  and a cross-section S: 

)()( T
S

L
TR rÖ= .              (4.2.2) 

The 4-pole measuring method (see circuit diagram) requires four con-

ducting wires: two ones from a direct current source with a stabilized elec-

trical current and adjustable amperage to string the test specimens, and two 

more to measure the voltage drop UD  across the sample between two con-

tact points at a distance L .  

Since the measurements are often carried out in special measuring 

chambers under complex conditions (temperature, mechanical stress), only 

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 branched off the first two wires outside the measuring chamber.  

The measurement signal )(TRIU DÖ=D  can be additionally amplified 

by increasing the amperage I  

kept constant during the meas-

urements when measuring of 

massive tensile-compression-

specimens with a large cross-

section and with high conduc-

tivity, e.g. Cu-based SMAôs 

(Fig. 10 c). It is advantageous that the noise remains unchanged in contrast 

to the electronic amplification. The specimen is though additionally heated 

by the Joule heat tRIQ ÖÖ= 2
, but the measurement results are not affect-

ed, if the temperature measurements by a thermocouple take place directly 

on the specimen with good thermal contact, because the thermo-induced 

martensitic transformation itself is the kind of the heat supply and removal 

is basically no matter. 

4.2.2 Resistance measurements during thermo-induced transformations 

The most of actually resistometric investigations of SMAôs are limited 

to the determination of relative deviations of the electrical resistance from 

linearity in the case of temperature changes, through which the transfor-

mation temperatures (Fig. 10 a-c) are determined immediately. These devi-

ations are due to different electrical properties of the metastable austenite 

'A and the polydomain martensite pM : 

    0''' ¸DÖ=-=D AMAMAM ppp

S

L
RRR r .      (4.2.3) 
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The measured temperature-dependent electrical resistance of a SMA-

specimen in the two-phase temperature range is represented by the marten-

site phase fraction )(Tz  according to the additive standard formula (1.5), 

(1.6): 

zTRTR

zTRzTRzTR

AMA

MA

p

p

ÖD+=

=Ö+-Ö=

)()(

)()1()(),(

''

'

.         (4.2.4) 

 

   
Fig. 10. Resistometric measurement curves of Cu-based SMAôs that differ in their 

crystalline state, composition and geometry: ZnAlCu -- -polycrystal (a) and single 

crystal (b) with a cross-section 25.0 mmS=  and a single crystalline MnAlCu -- -

tension-compression specimen with the same Length and a cross-section 25mmS=  

(c) in the initial state (1) and after a few tension-compression-deformation cycles (2). 

From the linear dependence of the electrical resistance on the martensite 

phase fraction, the trajectories )(' Tz
pMA

 and )(' Tz AM p

 of the thermo-

induced martensitic forward and reverse transformations, which build a 

hysteresis loop, can be determined by the difference )(' TR AM p

D  against 

the background of the normal temperature changes in the electrical re-

sistance (4.2.1) of the two phases )(' TRA
 and )(TR

pM
: 

     

)(

)()(
)(

'

'

TR

TRTR
Tz

AM

A

p

D

-
= .            (4.2.5) 

In (4.2.5) the resistance values at measuring temperatures mT  in the 



59 

 

two-phase temperature range are to be determined by linear extrapolation 

of the functions )(TR
pM  and )(' TRA  to the measuring temperature mT . 

So, the numerator in (4.2.5) is: 

)()()()()( '''
mf

A
Tf

A
mm

A
m TAkARTRTRTR -Ö--=- ,     (4.2.6) 

and the denominator is: 

)()()()( ''
m

A
fm

M
Tf

M
m

MA TRMTkMRTR
ppp

-ùú

ø
éê

è
-Ö+=D .    (4.2.7) 

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

ic representation of the determined hysteresis loop. 

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

electrical resistance of the both phases 
'A

T
M
T kk

p

¸  that a ratio ss MA <  

(Fig. 10 a) was measured for some SMAôs, and suggested as one of the 

classification features for the SMAôs [6, 7]. However, the relationship nev-

er happened in others, e.g. calorimetric measurement methods and remains 

rather a resistometric artifact. 

4.2.3 Ascertaining of mechanical hysteresis using resistometry 

The stress-induced martensitic transformations Tz )(s  of SMAôs are 

caused by the action of an external mechanical stress 
extss=  at a constant 

temperature 00' TTT <<  within the area of application of the Clausius-

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

ing on the mechanical external stress )(sR  and the specimen deformation 

)(eR  can be measured simultaneously in one test. 

With this method, the measured resistance value is not only determined 
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by the specific resistance change 'AM m

rD  (4.2.3) due to the martensitic 

transformation of the metastable austenite 'A  into one or more stress-

induced martensite monodomains (4.2.4): 

zRzR AM m

ÖD=D '
0)( ,            (4.2.8) 

where '0'
0

AMAM mm

S

L
R rDÖ=D  is, but also due to the change in length as a 

result of the martensitic deformation zM Ö=ee  ( mge Ö= MM , m is 

Schmid's orientation factor) of the specimen eÖ=-=D 00)()( LLzLzL  

due to the stress-induced martensitic transformation: 

ere Ö=
D
=D

mm MM R
S

L
R 0)( ,         (4.2.9) 

so that the total measured resistance change is the sum of physical (4.2.8) 

and geometric (4.2.9) factors: 

ee ÖD+ÖD=D
mp MAM RzRR 0

'
0)( .      (4.2.10) 

The resistance contribution '' 01.0)( A
el

A RR Ö¢D e  from the elastic de-

formed residual austenite and the resistance changes due to the change in 

cross-section are neglected in (4.2.9) because of their insignificance. This is 

justified by the fact that the stress-induced 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 length change eÖ=D 0LL , whereby 0L  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 the from the tensile-compression-machine well-insulated sample 

grips. 

How important the part of the geometric factor (4.2.9) is, can best be 

seen from the asymmetry of the hysteresis loops TR )(s  recorded during 

the symmetrical tension-compression deformation (Fig. 11 a) and of the 

linear function TR )(e  without hysteresis (Fig. 11 b). The asymmetry aris-

es from the fact that the sign of the specimen deformation 
0L

LD
=e  changes 

when changing from tension (index t,) to compression (index c) (Fig. 10): 
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eel

Ö-ÖD=DÖ

Ö+ÖD=DÖ
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MAMc
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MAMt
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RzRR

RzRR

0
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0
'

0

)(

)(
 .    (4.2.11) 

The subtracting the second equation in (4.2.11) from the first one reveals 

the geometric factor Rl : 

      
)()(

2

ee

e
l

ct

M

R
RR

R
m

-

Ö
= .         (4.2.12) 

The symmetrization of the experimental measurement curves )(etR  and 

)(ecR  can be done by calculating the purely physical values )(eRD  with 

the help of the geometric factor (4.2.12). Graphically, it is similar to rota-

tion of the deformation axis in the direction of the tension branch )(etR  

until the angle a between this axis and the both branches )(etR  and 

)(ecR  becomes the same (Fig. 11 b), but without correction of the meas-

ured values. 

Somewhat surprising is the presence of a linear dependence of the elec-



62 

 

trical resistance on the deformation during the reorientation of the thermo-

induced martensite polydomains )( t
q

MM p

R e
+­D  (Fig. 11 c, line 2) and  

during the reorientation )( t
f

MMR e
+-­D  of a martensite macro-

monodomain mixture °M  at 0=fe  in a tensile martensite macro-

monodomain +M   at ferroelastic tensile deformation (Fig. 11 c, Line 1): 

  
++++°

DºD<DºD MAMMMAMM RRRR
p '' 42.024.0 ,    (4.2.13) 

where pM  as the polyvariant polydomain martensite and °M  as a mixture 

of two mutually oriented martensite macromonodomains are two different 

martensite states. 

Actually, it can be assumed that the electrical properties of differently 

   
Fig. 11. Resistometric measurement curves of monocrystalline ZnAlCu --  ten-

sion-compression samples (cross-section 25mmS= , initial distance between the 

grips as electrical contacts mmL 400= , amperage AI 4= ): a ï )( ext
TR s , b ï 

)(eR  and c ï changes in the electrical resistance during the thermo-induced trans-

formation )(' TR
pMAªD  (vertical line at 0=e ) and in different isothermal defor-

mation processes (only on the tension side with exclusion of the geometric factor 

through graphic  symmetrization): 

1 ï ferroelastic ( fMT < ) deformation )( t
f

MMR e
+-­D , 2 ï quasiplastic ( fMT < ) 

deformation of thermo-induced martensite )( t
q

MM p

R e
+­D , 3 ï quasiplastic-

pseudoelastic ( ff ATM << ) deformation )(' t
qp

MMA p

R e
+­+D , 4 ï pseudoelastic 

( fAT > ) deformation )(' t
p

MAR e
+­D . 
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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 thermo-induced polyvariant polydomain martensite pM , one 

can still assume that the austenite remains between chaotically oriented 

martensite variants, the transformation of which into monovariant marten-

site, as in the case of stress-induced transformations (Fig. 11 c, lines 3 and 

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

changes sub-structurally with reorientation 
+°

­ MM RR  is the reduction 

and disappearance of internal martensitic macromonodomain boundaries. 

In all of the shown )(eR -lines (Fig. 11 c), an increase in the linearity 

coefficient 
e

e

D

D
=

)(R
kR  can be determined for deformations over and 

above )%65( ·=e , which indicates a change in the deformation mecha-

nism, as has already been determined in other experiments §5.2.2 [50]. Ex-

planation 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 phase fraction, which 

generally apply to all changes measured in the two-phase range, can be 

used to calculation of the martensite phase fractions. However, these are 

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

site on cooling and into austenite on heating (
'AM mmm

p

+= ). 

If a part 
pp

p

M
s

AM

M
s

s

mmm

m
z

++

=
'

 of the martensitic phase with a mass 

pM
sm  is switched off from the transformation, e.g. by stabilization, the 
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measured changes in electrical 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 fraction 
pM

sz  of the stabilized 

martensite: 

     
'

0

'

1
AM

AM
sM

s p

p
p

R

R
z

D

D
-= ,         (4.2.14) 

where '
0

AM p

RD  is the change in electrical resistance measured on the ini-

tial specimen that has completely transformed into martensite (Fig. 10 c, 

loop 1), and 'AM
s

p

RD  is the change in electrical resistance measured after 

the partially martensite stabilization (Fig. 10 c, loop 2). 

Are such measurements after every i th thermal or deformation cycle 

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

cycle number: 

     
'

0

' )(
1)(

AM

AM
sM

s p

p
p

R

iR
iz

D

D
-= .        (4.2.15) 

The phase fraction of the stabilized martensite determined and calculat-

ed in this way reached approximately %60º
pM

sz  the original value (Fig. 

10 c) after a few ferroelastic deformation cycles. In the same way you can 

of course calculate the martensite phase fraction )(iz
pM

s  at which the for-

ward and reverse transformations were interrupted in partial thermal cycles 

(Fig. 10 a) and the dependence of the transformation start temperatures 

)(zAs  or )(zM s in partial cycles on the martensite phase fraction examine 
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and  analyze the position of the line )('0 zT  within hysteresis loops (Fig. 4). 

4.3 Calorimetry 

Calorimetry offers itself as the most informative investigation method 

for the thermally induced forward and reverse transformation between the 

metastable austenite 'A  and the mixed orientation variants of martensite 

polydomains pM . This measurement method delivers not only the charac-

teristic transformation temperatures and thus the equilibrium temperature 

'0T  (1.8) like many others measurement methods including these already 

presented above, but also important thermodynamic characteristics such as 

the latent transformation heat 
pMAQ 'D  and thus the transformation entro-

py '0
'' TQS

pp MAMA D=D , for the calculation of which the determination 

of the local equilibrium temperature '0T  is necessary and important. From 

the measured and calculated data, both hysteresis loops with characteristic 

transformation temperatures (Fig. 4) are determined and other quantitative 

energetic transformation parameters such as the dissipated energy. 

4.3.1 Calorimetric measurement curves from various SMAôs 

Calorimetric measurement curves from the most known SMA have been 

determined and are presented here. The SMA are precision alloys in which 

the difference in composition of %1.0 at  can lead to a shift in the character-

istic transformation temperatures up to C̄10 . The XAlCu --  single crys-

tals with NiMnZnX ,,¹  were selected as representatives of Cu-based 

SMAôs with the RB 92ª  martensitic transformations. 

In addition, intermetallic MnCu single crystals with a specific marten-

sitic transformation of the face-centered cubic crystal lattice into the face-

centered tetragonal crystal lattice fctfccª  with the lattice deformation 
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002.0)1( >º-=
a

c
Mg  ( ac,  are lattice parameters) were investigated. 

The martensitic transformation fctfccª  at the temperature tT  in MnCu 

SMAôs is coupled with the paramagnet-antiferromagnetic transition [49] at 

the Neel temperature tN TT º  and has a very narrow hysteresis. The kinds 

of heat treatment of Cu-based SMAôs were determined considering their 

phase diagrams [50] (more details in §4.5.1). 

Calorimetric measurement curves (Fig. 12 A-F) show the heat flow 

[]Wh  as a function of the temperature [ ]CT ¯ . The presentation of the meas-

urement curves is reversed, because the heat flow is measured, that is gen-

erated in a differential scanning calorimeter (DSC-7 "PERKIN ELMER" PC 

series) to compensate the heat flow created by the transformation. 

  
Fig. 12A. Calorimetric inverted measurement curve of exothermic forward (bot-

tom) and endothermic reverse (top) transformations of NiAlCu --  (a) and MnCu 

(b) single crystals with measured and calculated data. 

The latent transformation heat is responsible for the temperature differ-

ence between the object- and reference-cameras, which is compensated by 

the device. The minimum recorded during cooling (Fig. 12A a, b) therefore 

corresponds to the heat emission during the forward transformation (exo-

thermic effect), i.e. the positive transformation heat. The maximum record-

ed during the heating corresponds to the heat absorption during the reverse 

transformation (endothermic effect), i.e. the negative transformation heat. 
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The intermetallic compounds on the NiTi -basis with two and more al-

loy components represents another of the most investigated and used SMA-

groups, which, with the exception of a 5.05.0 TiNi -single crystal, have been 

calorimetrically investigated in their polycrystalline state. The measure-

ment specimens of this SMAôs were subjected to the standard heat treat-

ment known for them [51]: h5.0  homogenize annealing at C̄850  and 

quenching in cold water. 
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Fig. 12B. Calorimetric measurement curves and data from '192 BRB ªª  (a) and 

RB ª2  (b) forward and reverse transformations of polycrystalline 

AlatTiatNi %8.1%2.48 -- -specimens. 

The crystal lattices of the austenite and the martensite were determined 

using transmission electron microscopy (TEM) and X -ray diffraction, the 

orientation and block structure of single crystals using the Laue method, 

and the compositions using scanning electron microscopy (SEM). 

The NiTi -based SMAôs run through a series of martensitic transfor-

mations with different crystallographic and thermodynamic characteristics. 

The well-known martensitic transformation '192 BB ª  takes place in the 

equiatomic polycrystalline two-component base 5.05.0 TiNi  alloy. '19B -

martensite is an ordered phase with an orthorhombic monoclinically dis-

torted crystal lattice. Actually, it is an orthorhombic lattice structure like 

19B  ( cba ¸¸ , ¯== 90ba , )90̄ģ . 
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The distortion arises from the fact that another martensitic transfor-

mation of the 2B -austenite into the rhombohedral R-martensite runs paral-

lel to the '192 BB ª -transformation, i.e. according to the scheme 

'19
2

B

R
B ª . An increase in the Ni -content or the addition of some third 

components, such as  Fe and Al  in small amounts, instead of Ti , decreas-

es the '19BRª  transformation temperatures and consequently separates 

the both transformations. That allows to investigate the both transfor-

mations separately (Fig. 12B a, b). 
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Fig. 12C. Calorimetric measurement curves and data from 192 BB ª -

transformations of a TiatNi %9.49- -single crystal (a) and a 

PdatNiatTi %10%0.40 -- - polycrystal at different scanning rates (b). 

The same 5.05.0 TiNi  SMA in a single crystalline state shows a transfor-

mation into martensite with an orthorhombic crystal lattice at significantly 

higher temperatures (Fig. 12C a). Alloying the elements PdPtAuCu ,,,  

instead of Ni  first causes a lowering of the '192 BB ª  transformation 

temperatures in the concentration range %5at< . A further increase in their 

concentration leads to the formation of the purely 19B  orthorhombic mar-

tensite at higher temperatures. At the concentrations about %10at , the 

192 BB ª  transformations take place with an invariant plane.  

The transformation temperature interval depends essentially [51] on the 
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scanning rate (Fig. 12C b), so that the information on the calorimetrically 

measured transformation temperatures for SMA-certification without data 

about their dependence on the scanning rate are pointless and misleading. 
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Fig. 12D. Calorimetric measurement curves and data of complete and partial 

'19192 BBB ªª -transformations of polycrystalline 

PtatNiatTi %5.6%5.43 --  (a) and of partial 192 BB ª -transformations of 

AuatNiatTi %10%0.40 -- -SMAôs (b). 

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 cycles (Fig. 

12D a). 

Several complete transformation cycles cause a lowering temperatures 

of the '192 BB ª  transformations due to phase hardening [52, 53], which 

is said to be related to the formation of dislocations [27, 28]. The calorimet-

ric investigations show (Fig. 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 leads to 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) (Fig. 9 a), where only %40  the AE initial intensity 

remains after )1510( ·  thermal cycles, which proves the switch off of al-
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most %60  the phase fraction of the '19B -martensite from the '192 BB ª -

transformations due to the martensite stabilization by thermal cycles. 
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Fig. 12E. Calorimetric measurement curves and data for 192 BB ª -

transformations of polycrystalline AuatNiatTi %3.15%7.34 --  (a) and 

PtatNiatTi %9.7%1.42 --  SMAôs (b) in multiple thermal cycles. 

The thermal cycles hardly affect (Fig. 12E b) the 192 BB ª -

transformations with an invariant plane, i.e. with maximal adaptation of the 

crystal lattices of 2B -austenite and 19B -martensite to each other, with 

minimal stresses at the coherent pMA'  phase boundaries and therefore 

minimal density of twin boundaries or stacking faults inside the martensite 

polydomains. 

4.3.2 Determination of thermodynamic parameters and hysteresis loops 

The latent transformation heat is calculated by integrating the calorimet-

ric measurement curve over the transformation temperature interval: 
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Q
Tq )(  is the specific (per mass unit) transformation heat. 
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The deviations of the calorimetric measurement curve from the straight 

baseline (Fig. 12C a) correspond to the transformation temperatures drawn 

with apostrophes (Fig. 4) and are in use as the integration limits. The ther-

mal hysteresis loops are reproduced with the help of the "Partial Area" pro-

gram integrated in the DSC, which automatically calculates the transfor-

mation completeness at any given temperature T : 
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At that, it is strongly assumed that the transformation heat is proportional to 

the martensite phase fraction [54, 55]. 
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Fig. 13. Hysteresis loops in complete and partial cycles of the thermo-induced 

RB 92ª -transformations of ZnatAlCu %6.16--  (a) and 

MnatAlCu %7.10--  single crystals (b).  

The complete and partial loops of the thermal hysteresis were repro-
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duced in this way for some of the investigated )( AlCu- -based SMAôs 

(Figs. 13 a, b).  

The transformation temperatures (Fig. 4) in both complete and partial 

transformation cycles are determined by extrapolating linear sections of the 

transformation trajectories to the z limit values (§3.2.2).  

For the fctfccª  transformation of the CuatMn %9.15-  single crys-

tals (Fig. 14 a), the extrapolation method applies, if at all, only to the de-

termination of  sM  and fA  transformation temperatures, since the trans-

formation trajectories hardly have any linear sections. The equilibrium 

temperature trajectory determined in partial transformation cycles corre-

sponds rather to a Brillouin function (Fig. 14 b). 
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Fig. 14. Hysteresis loops in complete and partial cycles of the thermo-induced 

fctfccª -transformations of the CuatMn %9.15-  single crystals (a) with the 

equilibrium temperature trajectory )('0 zT  in the form of a Brillouin function (b, 

bold line). 

The hysteresis loops of the thermo-induced martensitic transformations 

of 5.05.0 NiTi  poly- and single crystals were determined and analyzed in the 

same way (Figs. 15 a, b). The essential differences found between the calo-

rimetrically determined transformation parameters were so surprising that 

the composition accordance of the both had to be checked and confirmed 
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by the SEM-analysis. The change in transformation from 
'19

2
B

R
B ª  in 

5.05.0 TiNi -polycrystals to 192 BB ª  in 5.05.0 TiNi  single crystals has been 

established for the first time by calorimetric investigations [9, 11]. 

In the case of partial transformation cycles (p.c.c. denotes interruption 

of the forward transformation at iz  and heating over fAconstT >= , 

p.c.h. denotes interruption of the reverse transformation at )1( iz-  and 

cooling under fMconstT <= ) of the 5.05.0 TiNi -polycrystals, a doublet 

appears in the calorimetric measurement curves of 2'19 BB ­  and 2BR­  

reverse transformations already at 8.0<iz . That also causes the dents in 

the reverse transformation trajectories in partial hysteresis loops (Fig. 15a). 

40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

a

 Ni-50.at%Ti

      polycr.

DT
0.5

=34°C

DS=80J/K.kg

w
D
=2720J/kg

q=27800J/kg

A
f
=92.8°C

A
s
=79.4°C

M
s
=60°C

M
f
=45.1°C

M
a

rt
e

n
s
it
e

 f
ra

c
ti
o

n
, 

%

Temperature, °C

 

100 105 110 115 120
0

10

20

30

40

50

60

70

80

90

100

b

A
f
=116.0°C

A
s
=109.1°CM

f
=102.9°C

M
s
=110.1°C

 Ni-49.9at%Ti

   single cr.

DT
0.5

=6°C

DS=26.3J/K.kg

w
D
==157.8J/kg

q=10100J/kg

     

M
a
rt

e
n
s
it
e

 f
ra

c
ti
o

n
, 

%

Temperature, °C

 
Fig. 15. Hysteresis loops in complete and partial cycles of the thermo-induced 

'19
2

B
RB ª -transformations of TiatNi %0.50- -polycrystals (a) and of 

192 BB ª -transformations of a TiatNi %9.49-  single crystal (b) with the 

corresponding thermodynamic data. 

The transformation temperatures determined from the hysteresis loops 

are used to determine the equilibrium temperatures )0(' =zTo  [11, 14] or 

equilibrium temperature trajectories: 

2

)()(
)('

zAzM
zT ss

o
+

=  .           (4.3.3) 

The equilibrium temperature trajectories can deviate far away from straight 
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lines and show very different courses (Figs. 16 a, b). 

With the determined equilibrium temperatures )0(' =zTo , the transfor-

mation entropies can finally be calculated as the average value between the 

forwards and reverse transformation entropies [11, 14]: 

'2 0
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qq
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Fig. 16. Hysteresis loops in complete and partial cycles of the thermo-induced 

'19BRª -transformations of AlatTiatNi %8.1%2.48 --  (a) and 192 BB ª -

transformations of PtatNiatTi %9.7%1.42 --  (b) polycrystals with split and 

differently curved equilibrium temperature trajectories )('0 zT . 

With the help of the transformation entropy determined in (4.3.4), all 

important parameters of the thermal hysteresis can be calculated in their 

energetic form, such as for example the energy of the phase boundaries 

treated in §3.2.1 as the energy barrier (3.2.4), (3.2.6) for the formation of 

first martensite polydomains:  

     kgJsMTU s
MA

M

p

s
/423)'( 0

' =DÖ-=         (4.3.5) 

for the '19BR­ -transformation (Figs. 12B a and 16 a) or the specific 

elastic energy of the phase boundaries introduced in §3.2.2 (3.2.13) 

(3.2.19): 
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    kgJ
qST
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pp
MAMA

el /3500
22

' ''
0 ==
DÖ

=         (4.3.6) 

for the case 0
)(0 =

dz

zdT
 for  RB ­2  with latent transformation heat  

kgJq
pMA /7000' =  (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 parameters of the thermal hysteresis 

It makes sense to describe the negative trajectory slope 0<
dT

dz
 of the 

thermo-induced transformations as a positive energetic thermoelasticity 

coefficient for the forward and reverse transformations [11, 14] for the pur-

pose of the direct and uniform comparability of thermal and mechanical 

hysteresis properties with each another: 

     

( )

( ) sAAk

sMMk

sf
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T

fs
MA

T

p

p

DÖ-=

DÖ-=

2

1

2

1

'

'

 and         (4.3.7) 

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

ing the transformations. It applies to a symmetrical hysteresis loop 

'' AMMA pp

kk = . 

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

Ts-D -coordinates, which in general represents the energy 
T
Dw  dissipated 

in a closed transformation cycle: 
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In order to recognize the dissipation mechanisms, one should investigate 

the hysteresis interior in partial transformation cycles in more detail. Such 

investigations show [11, 14, 15] that within the main hysteresis loops most-

ly the one in §3.2.2, Eq. (3.2.19) calculated splitting of the equilibrium 

temperature trajectory )('0 zT  in two starting temperature lines )( is zM  for 

the forward transformation and sA  for the reverse transformation takes 

place (Figs. 13 b; 15 a; 16 a, b and 43 b). 

An idealized hysteresis loop can be represented by two linearly extrapo-

lated transformation trajectories and the internal latent hysteresis by two 

linearly extrapolated lines )0(sM  and )0(sA . The total area of such an ide-

alized hysteresis loop is then calculated in simplified form as the sum of 

two right triangle areas and of a square area as the dissipated energy de-

pending on the martensite phase fraction in partial transformation cycles: 

l
T

AM
T

MA
T

T
D kkkw

pp

++= ''
 ,         (4.3.9) 

where 
pMA

Tk '
, 

'AM
T

p

k  are the energetic thermoelastic coefficients of the 

forward and reverse transformations introduced above and 

[ ] sMAk ss
l
T DÖ-= )0()0(  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 values of these coefficients in partial transfor-

mations cycles: 

[ ] 2''' )()0(
2

1
)( zkzszzMMzk AMA

Tifs
MA

T

pp

Ö=ÖDÖÖ-Ö=    (4.3.10) 
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[ ] zkzsMAzk l
Tss

l
T Ö=ÖDÖ-= )0()0()(  .         (4.3.12) 

The full dissipated energy as a function of z  consists in a simplified form 

(symmetrical hysteresis loop T
AM

T
MA

T kkk
pp

¹= ''
) of a parabolic term 

and a linear term: 

zkzkzw l
TT

T
D Ö+Ö= 2)( .         (4.3.13) 

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

gy of the coherent pMA'  phase boundaries and a small stacking fault den-

sity in martensite polydomains as at the transformations with an invariant 

plane, only one equilibrium temperature trajectory is observed (Figs. 13 a 

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

verse transformations are in partial cycles )()()('0 zAzMzT ss == . Two 

equilibrium temperature trajectories, which build an internal latent hystere-

sis loop, exhibit different shapes from two parallel straight lines (Figs. 15 a 

and 43 b) to curves with different curvatures (Fig. 16 a, b) and different 

inclinations (Figs. 13 a, b and 15 b) to the temperature axis. 

The slopes of the internal lines 
dz

zdMs )(
 and 

dz

zdAs )(
, as show the theo-

retical treatment in §3.2.2 and the calorimetric experiments with partial 

transformation cycles, can be positive (Figs. 13 a, b and 15 a), negative 

(Fig. 15 b) or close to zero (Figs. 16 b, 15 b, 43 b), which indicates various 

dissipation mechanisms associated with the elastic energy redistribution 

between the both phases during the transformation. 

The calorimetric results for the investigated SMAôs can be summarized 
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as follows: 

1. The )( AlCu- -based SMAôs have similar values of the latent transfor-

mation heat and the transformation entropy, but very different values of 

the thermoelasticity coefficient and the dissipated energy. These param-

eters for the fctfccª -transformation of MnCu-SMAôs differ funda-

mentally in that. They have much lower values of thermodynamic pa-

rameters than those for the )( AlCu- -based SMAôs. 

2. The thermodynamic parameters in NiTi -based SMAôs build a wide val-

ue spectrum from values similar to those in )( AlCu- -based SMAôs 

such as parameter of 192 BB ª -transformations of NiTi  single crys-

tals, of 192 BB ª -transformations with invariant planes, of RB ª2 -

transformations up to very large latent heat values of the 912 ¡ªB -

transformations.  

The first group has a narrower hysteresis and less dissipated energy than 

the second group. The '19BRª -transformations have small latent trans-

formation heat and transformation entropy, as in the first group, but the 

broadest hysteresis and the dissipated energy as those for the '192 BB ª -

transformations. 

The latent transformation heat sf
MAMAMA UUUUq

mpp

+D=-= '''  

arises from the difference in the internal energies of the transforming phas-

es (Fig. 1 a, b), which consist of phonon, electron and stacking fault ener-

gies sfU . So, it can be concluded from the measured values that the 91 ¡B -

martensite has the smallest internal energy in comparison to the 19B -

martensite with invariant plane and in single-crystalline NiTi -SMAôs as 

well as to the R-martensite. The energetic relationships among the in-

volved martensite phases can be represented in the following sequence: 

)2('19)('1919)(19)2(2 BBRBBiBBRB UUUUUU >>>²>  ,   (4.3.14) 
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The transformation entropy 
öö
ö

÷

õ

ææ
æ

ç

å

-=D
dT

dF

dT

dF
S

p
p MA

MA
'

'  is to be un-

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

mation entropy 
pMAS 'D , the smaller the slope 

p
p

M
M

S
dT

dF
= . Interaction 

of the transformation enthalpy and transformation entropy 
pMAS 'D  deter-

mines the position of the equilibrium temperature and thus, taking into ac-

count the dissipated energy, the characteristic transformation temperatures. 

Differences in the specific latent transformation heats 
pMAq '

 and the 

transformation entropies 
pMAs 'D  indicate the greatest symmetry vicinity 

of the crystal lattices of the both phases, i.e. the greatest overlap between 

their symmetry groups. This means a maximal adjustment of the crystal 

lattice at the phase boundaries and, accordingly, a minimum stacking fault 

density in martensite polydomains due to the minimal degree of accommo-

dation, and as a consequence minimal hysteresis and higher equilibrium 

temperatures (Figs. 1 a, b) or the characteristic transformation tempera-

tures. This is proven by the results for the near to 2-nd order ( fctfccª )-

transformation, the ( 192 BB ª )-transformation with invariant planes and 

in NiTi  single crystals. 

 

4.4 Dilatometry 

At first appearance, dilatometry does not suitable for the investigation of 

SMAôs, since the crystallographic changes at the martensitic transfor-

mations do not lead to any volume change ( MA VV º ) or to any change in 
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the thermal volume expansion coefficient ( M
V

A
V aa º ). Unless a SMA-

sample is pre-deformed and textured or monodomainized [56-58], i.e. was 

mechanically pre-stressed [57] or trained for the two-way memory effect 

prior to the measurements. 

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

from the temperature )(TLD  or dilation 
0

)(

L

TL
d
D
=e  that are measured and 

the coefficients of linear thermal expansion are calculated: 
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Ö= .           (4.4.1) 

Dilatometry offers unique possibilities to measure and to analyze specific 

characteristics of SMAôs especially in its single-crystalline form such as 

the accommodation degree and the elasticity module softening [58]. 

4.4.1 Relationship between entropy and thermal expansion 

Coefficient of thermal expansion is 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 potential ),( pTF : 
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are identical, there is an important relationship between the thermal expan-

sion coefficient Va  and the pressure dependence of the entropy: 

V
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V
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S
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µ

µ
.             (4.4.3) 
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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. The 

volume change with a temperature or stress change is represented by a di-

mensionless expansion: 

      öö
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00
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e

e
se ,          (4.4.4) 

where L  is crystal length in one direction. 

If a crystal is not loaded by a hydrostatic pressure but by a uniaxial me-

chanical stress is  in any direction j  ( ij¸ ), the reaction of the crystal to 

this effect is described by a compressibility coefficient ijk  in its tensor 

form: 
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For small tensions (in the elastic range) the following applies: 

      ske
CC
Ö=  or eeks

CCC
Ö¹Ö= - c1 ,         (4.4.6) 

where 1-¹kc  is the elasticity tensor (both are second order tensors). In 

this consideration, equation (4.4.3) is used in connection with the coeffi-

cients of linear thermal expansion: 
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as the stress dependency of the entropy rewritten: 
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where 's  are all other except is  possible tensor components denote the 

mechanical stress in different directions. 

4.4.2 Elasticity modulus and thermal expansion 

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

expansion coefficient and the temperature coefficient of the elasticity mod-

ulus 
dT

dG
 was clarified. The elastic properties of a solid reflect the interac-

tion of atoms that build the crystal lattice of this body. The interaction is 

represented by a model potential in the form that corresponds most closely 

to experimentally measured values or that best describes them and their be-

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

      0,;,)( >>-= banm
r

b

r

a
rU

nm
,        (4.4.9) 

 known by 6,12 == nm  as the Lenard-Jones potential. 

From the equilibrium condition at 0rr = , where the potential (4.4.9) has 

a minimum: 
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we get the value for 
nm

nb

am
r

-
ö
÷

õ
æ
ç

å
=

1

0 , so that the equilibrium values of the 

potential and all its derivatives at 0rr =  can be calculated as follows: 

     ,0
)1(

)(

0
0 <

-
=

m
n
m

r

a
rU           (4.4.11) 



83 

 

[ ]

k
k

k
i

k
ik

k
k

r

rU
kK

rUinim
mn

mn

r
rU

0

0

0
1
0

1
0

0
0

)(

)(
)()1(

)()()(
)1(

)(

ÖÖ-=

=+-+
-

Ö
-

= ÔÔ
-
=

-
=

, (4.4.12) 

where )(kK  is a constant combination of numbers for each derivative. 

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

vicinity of 0r  by the equilibrium value )( 0rU  with the help of the Taylor 

series: 

)()()(...)(2)()()()(

)()(...)()()()()(

...)()(
6

1
)()(

2

1
)()(

000
2

0000

00
2

0000

3
00

2
000

rrrUrUrrUrrrUrUrU

rrrUrrrUrrrUrU

rrrUrrrUrUrU

-Ö¡¡¡+¡¡º+-¡¡¡+-Ö¡¡¡+¡¡=¡¡

-Ö¡¡º+-Ö¡¡¡+-Ö¡¡=¡

+-Ö¡¡¡+-Ö¡¡+=

(4.4.13) 

The potential rushes into the infinity with the approach of atoms in the 

area 0rr <  where the interatomic repulsive forces predominate. In the area 

0rr > , the forces of attraction between atoms predominate, which rapidly 

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

0rr >>  approaches zero. 

The same potential describes the elastic deformation of a solid in the vi-

cinity of 0r , where its shape is still close to parabolic-symmetrical one, 

while its asymmetry (anharmonicity) is the cause of thermal expansion. 

This allows elastic characteristics to be related to those of thermal expan-

sion. 

The elasticity modulus G  can be determined from Hooke's law 

e

s
es =Ö= GG ,  and the form of the potential )(rU  (4.4.9), if the defor-

mation is represented through the interatomic distances before 0r  and after 

r  the load due to the external stress s as the force 
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From (4.4.14), taking equation (4.4.13) into account, one gets the pro-

portionality of the equilibrium elastic modulus 0G  at absolute zero KT 0=  

(without heat oscillations constrr ==0 ) and the elastic modulus G  at a 

temperature T  to the second derivative of the potential: 
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Now the change in the elasticity modulus with the temperature rise from 

zero to the temperature T  and thus its relationship with the linear 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: 
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where 
)2(

)3(
1

=

=
=

kK

kK
k  is.  

Differentiation of equation (4.4.16) over temperature reveals the rela-

tionship between the temperature coefficient 
dT

dG
 of the elasticity module 

and the coefficient of linear thermal expansion a: 

     
dT

dG

G

k
Ö-=
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0

1
1a .           (4.4.17) 

The coefficient of 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 variables (temperature, stress). On the other 

hand, analysis of other known transformation characteristics allows to 

make certain predictions about linear thermal expansion. 

So, if the temperature dependence of the elasticity modulus in the pre-

martensitic temperature range shows an abnormal behavior that is directly 

related to changes in the atomic interaction potential )(rU , such as its sof-

tening 0²
dT

dG
, it can be recognized by the sign 0¢a  of the coefficient of 

thermal expansion in dilation measurements. 

Since the theoretical analysis above does not refer in any way to SMAôs, 

its conclusions apply to all metallic alloys whose elasticity behavior can be 

described by the Lenard-Jonson potential (4.4.9). So, the following general 

statement is valid from (4.4.17): If an alloy exhibits the invar behavior 

0=a  in a temperature range, the elinvar behavior 0=
dT

dG
 can also be ex-

pected in the same temperature range. 

4.4.3 Length changes in two-phase temperature range 

The aim of the dilatometric investigations of SMAôs is 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 view of the relationships with other parameters considered 

above. The main focus is on the dilation behavior of SMAôs in the tempera-

ture ranges of the martensitic forward and reverse transformations. 

Various SMA-specimens (Table 1) were investigated dilatometrically 

for this purpose. The martensitic transformations of these SMAôs have al-

ready been described in §4.3.1. All dilatometric specimens had plan-

parallel polished endings. All single crystals were grown according to the 
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Bridgman method and only the NiatAlatCu %7.4%7.24 --  single crys-

tals according to the Chochralsky method. 

Table 1. Composition ( %at ), crystalline state, transformation kind, specimen longi-

tudinal axis orientation and the initial length of the investigated specimens 

no. crystalline 

state 

transformation 

kind 
Cu Al  Zn Mn  Ni  Ti  [ ]Ahkl  

mm

L ,0
 

1 single RB 92ª   
68.0 15.0 16.0 --- --- --- 100 9,6 

2 single *  RB 92ª  68.6 20.7 --- 10.7 --- --- 110 9,5 

3 single RB 92ª  70.7 24.9 ---   --- 4.4 --- 110 9,6 

4 single**( rod) RB 92ª  70.6 24.7 --- ---  4.7 --- 110 14,3 

5 single fztfzkª  15.9 --- --- 84.1 --- --- 100 9,6 

6 Poly 912 ¡ª BB  
--- --- --- --- 49.8 50.2 --- 9,6 

7 Poly 

R

B
B

'19
2ª  

--- --- --- --- 50.5 49.5 --- 13,0 

   *  Single crystal with a developed block structure 

  **  Czochralski method 

The specimen length changes were measured in the temperature range 

C̄+·- )300100(  at different cooling and heating rates (scanning rate) kept 

constant during each measurement in a ñNETZSCHò-dilatometer using the 

low-temperature measuring 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 the surface 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 Analysis"-software integrated in the dilatometer. 

All experimentally measured and calculated values are summarized in 

Table 2 for all investigated SMAôs. The columns in Table 2 contain abso-

lute elongations 0LLL -=D  in µm as well as relative elongations of spec-

imens (dilation) %100
0

Ö
D
=

L

L
de   and coefficients of linear thermal expan-
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sion in pure austenite ( 'Aa ) and martensite phases (
pMa ) as well as in 

two-phase temperature ranges during the forward (
pMA'a ) and reverse 

)( 'AM p

a  transformations. 

Table 2. Length change (µm), dilation (%) and coefficients of the linear thermal ex-

pansion in austenitic, martensitic and two-phase states 

no. LD  de  6' 10ÖAa  6' 10Ö
pMAa  610Ö

pMa  6' 10ÖAM p

a  HA  ak  

1:  

 

+3,7 

-1,7 

+0,04 

-0,03 

18,0 -170 

+130 

7,0 -240 

+100 

0,7 

1,3 

0,994 

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: 

'19B  

    R  

 

+2,4 

+4,0 

 

+0,02 

+0,03 

 

25,0 

 

-22 

-- 

 

12,0 

10,0 

 

-30 

-210 

 

0,7 

-- 

 

0,997 

0,990 

The values in the two-phase 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: 

'

'''

'

'

/
AM

MAAMMA

AM

MA

p

ppp

p

p

dtT

d

dtT

d

e

eee

a

a

#

#
##

=
ÖÖ

= ,          (4.4.18) 

where T# is constant scanning rate pre-programmed for each measurement 

and 

    
dt

Ld

L

AMMA
AMMA

pp
pp '/'

0

'/' 1 D
Ö=e#        (4.4.19) 

is the length change velocity during the transformation. 

Different values 
pMA'a  and 

'AM p

a  also indicate asymmetry of the 
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hysteresis loops. So, a quantitative dimensionless degree of the hysteresis 

loop asymmetry can be introduced: 

         
'

'

AM

MA

H p

p

A

a

a
= .         (4.4.20) 

The hysteresis loop is ideally symmetrical at 1=HA . 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 cases 1<HA  (specimens 1, 

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

mation, and 1>HA  (specimens 4, 5, 6) with reverse behavior. 

The measured and calculated parameters such as the length change and 

the coefficient of linear thermal expansion differ not only in terms of their 

values, as can be seen from Table 2 and the graphs (Figs. 17 and 18), but 

also in terms of their signs.  

The sign shows whether a shortening ( a+D- ,L ) or lengthening 

( a-D+ ,L ) 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 two-phase rule as in (1.5) applies to the ex-

pansion coefficient: 

     
ppp MAAMMA zz aaa Ö+Ö-= ''/' )1( .     (4.4.21) 

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

tensite are the same (
pMA aa º' , 

''/' AAMMA pp

aa = ), no deviations of 

the dilation measurement curve from its linear trace ( TLL ÖÖ=D 0a ) are 

recorded in the temperature ranges of the martensitic transformations.  
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Fig. 17. Typical dilatograms for the ( AlCu- )-based SMAôs and the corresponding 

linear expansion coefficients 
'/' AMMA pp

a  (right) in the two-phase temperature 

ranges. 

The deviations in the form of a transformation hysteresis loop (Fig. 17 

and 18) are only registered in the dilatometer if a non-accommodated mar-

tensitic deformation (3.2.1) is present as a resulting spontaneous specimen 

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

     zk
L

L
aM

M
eld

p

Ö-Ö=
D
== )1(

0

gmee      (4.4.22) 

where Mg  is the primary martensitic lattice deformation (Fig. 2 b), ak  is 

the accommodation degree and zxm coscos Ö=  is the Schmidôs orientation 

factor. 

The accommodation degree ak  can be determined experimentally from 

dilation measurements as follows: 

     )1(

max
M
d

ak
e

e
-= ,           (4.4.23) 

where M
maxe  is the maximal martensitic deformation determined experi-

mentally, e.g. from the )( es- -diagrams of the pseudoelastic deformation 

(Fig. 20 c).  

The accommodation degree (4.4.23) calculated by the dilation de  is a re-

sult of the both structural (crystallographic) and morphological accommo-

dations, the individual contributions of which cannot be distinguished dila-

tometrically. Nevertheless, their effects can be analyzed in view of the dila-

tion magnitude and the sign of the thermal expansion coefficient. The 

number of secondary invariant displacements of atomic planes in a marten-

site polydomain (Fig. 2 b), which leads to the formation of internal twins 

(Fig. 2 c, d), is a priori dependent on the mechanical shear stress mst Ö=  

acting on the martensite macromonodomain in the shear plane. 

The stress s is the mechanical external stress acting along the longitu-

dinal specimen axis or the internal stress acting on a martensite polydomain 

from its surroundings along the longitudinal specimen axis.  
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Fig. 18. Typical dilatograms for theNiTi - and MnCu-SMAs and the corresponding 

(right) coefficients of the linear thermal expansion in the two-phase temperature rang-

es [58]. 

The angle between the longitudinal axis of a single crystalline specimen 

and the normal to the shear plane is designated in Schmidôs orientation fac-

tor (4.4.22) as x and the angle between the longitudinal specimen axis and 
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the shear direction as z. The shear stress  max
2

1
tst ==  is maximal at 

4

p
zx == . 

The behavior of the coefficient of linear thermal expansion in two-phase 

'/' AMMA pp  temperature 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 expansion of the austenite and the 

martensite (4.4.21): 

  
dT

dk
z

dT

dz
k a

MaM
AMMA pp

ÖÖÖ-Ö-Ö= gmgma )1('/' ,    (4.4.24) 

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 constant 0=Ö=
dT

dz

dz

dk

dT

dk aa  during the 

transformation 10 <<z  the sign of the thermal expansion coefficient is 

determined by the first term in (4.4.24). Here are 0<
dT

dz
, 0)1( >- ak  al-

ways, then: 

1. The case 0'/' >AMMA pp

a  (Fig. 17b, MnAlCu -- ,  RB 92ª , 

110 ) only occurs if 0<m  or 0cos <x  ( ¯>>̄ 90270 x ) and 

0cos >z  ( ¯>>̄ 27090 z ) or vice versa; 

2. The case 0'/' <AMMA pp

a  (Fig. 17c, NiAlCu -- ,  RB 92ª , 

110 ) only occurs if  0>m  or 0cos >x  ( ¯<<̄ 90270 x ) and 

0cos <z  ( ¯<<̄ 27090 z ) or vice versa. 
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3. If the expansion coefficient 
'/' AMMA pp

a  changes its sign during the 

transformation (Fig. 17a, ZnAlCu -- ,  RB 92ª , 100 ), this 

means that either the both terms in (4.4.24) are involved, and the twin 

density changes during the transformation ( 0̧
dz

dka ) or that it 

switches on another transformation then RB 92ª  by the increasing 

internal stresses in the austenite matrix. 

The first 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 above remain according to their value in background of the length 

changes caused by transformation and accommodation related length 

changes of the additive thermal expansion coefficient in the two-phase 

temperature range and only become effective when the accommodation is 

close to perfect )1( ºak . 

It follows from equation (4.4.24) that the case 0'/' =AMMA pp

a  occurs 

when 1=ak  or 0=m  (
2

p
z= ), i.e. all martensite polydomains are oriented 

perpendicular to the longitudinal specimen axis and 0=
dT

dka . The condition 

1=ak  means that the number of positive and negative twin variants (mar-

tensite micromonodomains) and their thickness (Fig. 2 b) are the same, and 

the condition 0=
dT

dka  means that the stacking fault density sfn  within 

martensite polydomains and thus the accommodation degree ak  remain 

constant during the transformation. 

The contribution of the coefficients of the true linear thermal expansion 

of SMAôs in the two-phase temperature range 
'/' AMMA pp

l  (4.4.24) can-
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not be neglected in dilation measurements if it is also in the elastic defor-

mation range ( %5,1º< yd ee ). Its value is 
1610500 --Ö K  even at 

%5,0=Me  or 005,0
0

=
D

L

L
 in the temperature range of the martensitic 

transformation about C̄10 , while the conventional expansion coefficient 

is, e.g. for Cu, only 
161017 --Ö K .  

 
 

 
 

Fig. 19: a ï a single martensite polydomain with internal twins, b ï a martensite 

plate fused together from two martensite polydomains, c ï a complex fused together 

from several martensite polydomains [9, 14]. Electron diffraction from the twinning 

ratio of two grown together martensite polydomains (b), foil surface R9)110(  (d). 

The contributions to dilation considered above are based primarily on 

the formation of twins in martensite polydomains (Fig. 19 a) as a result 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 polydomains (Figs. 19 b, c, d).  

Through coalescence, each single martensite polydomain is relieved of 

the internal stresses that arise at the phase boundaries, as two
pMA'   

phase boundaries are transformed (annihilated) into a one internal marten-

sitic ppMM  boundarie with smaller elastic stresses (3.2.9), 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 
2

110
B

 axis as projections of the shear deformations in all possible 

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 direction 
2

110
B

, and 

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

tice deformation Mg  within the entire specimen volume due to the elastic 

interaction and the coalescence of differently oriented martensite polydo-

mains. Figure 19 b shows, e.g., a martensite plate consisting of two merged 

martensite poly domains.  

The shear systems ( )101101  and 011)011(  in both martensite poly-

domains are perpendicular to each other, so that their shear deformations 

Mg5.0+  and Mg5.0-  compensate each other at the common 
ppMM -

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-

moelastic. The velocity of the martensitic transformations of SMAôs there-

fore much lower than the sound velocity of the classic explosive martensit-

ic transformation in steels when they are quenched. 

Table 3. Contributions to dilation in the direction of the ><110 -axis of dis-

placements in 12 possible shear systems 

Shear plane )110(  )110(  )011(  )011(  )101(  )101(  

Shear direc-

tion 
><110  >< 011  >< 101  >< 011  ><101  >< 101  

Deformation 

in direction 

><110  

 

Mg+  

 

Mg-  

 

     0 

  

      0 

 

Mg5.0+  

 

Mg5.0-  

Table 3. Continuation 

Shear plane )011(  )011(  )011(  )011(  )110(  )110(  

Shear direc-

tion 
>< 011  >< 110  ><011  >< 110

 

>< 110
 

>< 101
 

Deformation 

in direction 

><110  

 

Mg5.0+

 

 

Mg5.0-

 

 

Mg5.0+

 

 

Mg5.0-

 

 

Mg5.0+

 

 

Mg5.0-

 

The accommodation processes relax the pMA'  phase boundaries below 

the yield point of the true plastic deformation and thereby preserve their 

coherence and mobility. This is the basis of the unique memory effects in 

SMAôs. 
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4.5 Mechanical hysteresis 

4.5.1 Quasiplasticity, ferro- and pseudoelasticity 

The investigation of the ferroelastic hysteresis on single crystals is ex-

tremely informative for understanding of SMA-behavior. In this case, nu-

cleation, latent transformation heat and the effects of crystalline and phase 

boundaries are excluded. The behavior of a SMA-specimen in the com-

pletely martensitic state under a uniaxial cyclic tension-compression load 

is, in contrast to "quasiplasticity" and for the reasons explained below, de-

scribed with a special term "ferroelasticity". 

Uniaxial tensile loads ts  on a SMA-specimen at a constant test temper-

ature in the martensitic temperature range constMT f =<  leads to macro-

scopic deformation qe  after reaching a critical quasiplastic yield (indexqy) 

point 
pM

qy
s  (Fig. 20 a). This deformation is irreversible at the test tempera-

ture, i.e. it retains after the load removing and the elastic deformation re-

versing, similar to the true plastic deformation. This behavior is therefore 

called "quasiplasticity", and the deformation itself is called "quasiplastic". 

The SMA-specimen remains in this quasiplastically deformed state be-

cause martensite as a deformation carrier is stable at temperatures below 

the equilibrium temperatures 00' TTT <<  both in its monodomain and in its 

polydomain state (Figs. 1 a, b). When heated above the temperature range 

')( 0TAA fs >· , the martensitic reverse transformation of the 

)( pm MM ++ -martensite takes place, which is partially monodomainized 

by uniaxial tensile stress, into metastable austenite ')( AMM pm ­++ . 

The quasiplastic martensitic deformation is returned by disappearance of 
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the deformation carrier. This is known as the one-way memory effect [1-3]. 

  
 

Fig. 20. Quasiplastic deformation of a NiatAlatCu %0.4%4.13 --  - 100  sin-

gle crystal in a martensitic state '0TMT f <<  (a), mixed deformation of the same 

single crystal in the two-phase temperature range  ff ATM <<  (b), and pseudo-

elastic deformation of a ZnatAlatCu %6.16%2.15 -- - 100  single crystal in an 

austenitic state '0TAT f >>  (c).  

The one-way memory effect can be better illustrated using the scheme in 

Figure 2 a (the second level). If a martensite polydomain as the end product 

of the stress-free thermo-induced martensitic transformation is loaded by 

sufficient external stress 
+

<<
mp M

qyt
M
qy sss , the quasi-plastic deformation 

of the polydomain martensite take place. The designations are used in that 

stress region: 
pM

qys  for the yield point of the quasiplastic deformation 

shown in Figure 20 a as the intersection of the extrapolated elasticity and 

flow lines, and 
mM

ys  for the yield point of the true plastic deformation of 

the martensite monodomainized by the tensile stress ts . 

The quasiplastic martensitic deformation occurs by the movement of 

partial dislocations that leads to the reorientation of twin variants in each 

martensite polydomain. This deformation can therefore be defined by a re-

orientation factor 1)1(0 ¢-=¢
twtw

r n : 

     Mtw
r

Mq gmsese ÖÖ=¹ )()( .           (4.5.1) 

The definition is based on the similarity with the accommodation degree in 
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(4.4.23), which determines the dilation.  

The one-way memory effect that originally led to the term ñshape 

memoryò is one of the most well-known and the most spectacular in the 

whole spectrum of memory effects: A heavily deformed metal specimen 

recovers its initially shape when it is insignificantly heated. This effect is 

most investigated experimentally and applied practically (Appendix 1) [59-

62]. 

The problem with the application of the shape memory effect (SME) is 

due to its uniqueness, i.e. the addition of ñone-wayò. In the subsequent 

cooling-heating cycles, there are no more shape changes. In order to en-

force such shape change into recurrent action cycles, its low-temperature 

shape must be restored by renewed quasiplastic deformation of the marten-

site. For this purpose, the memory element is coupled with a bias element, 

the counterforce of which ensures this martensite deformation during cool-

ing [63-65]. 

The same effect is achieved when a constant load []NP  (weight) is at-

tached to a memory element (Fig. 21 a). The memory element then chang-

es its shape reversibly at the cyclical temperature changes: It takes its low-

temperature shape during the cooling below the local equilibrium tempera-

ture '0TT <  by the transformation of the metastable austenite into the mar-

tensite monodomainized under the constant tensile load (Fig. 2 a, first lev-

el, first step), and it takes its original high-temperature shape during the 

heating above the local equilibrium temperature '0TT >  by  reverse mar-

tensitic transformation with increasing the restoring force (Figs. 21 b). 

The rcovering the original high-temperature shape happens against the 

external load P, so that a mechanical work is done: 
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    )(
1)()(

)( T
m

TLP

m

TA
Ta qes

r
Ö=

DÖ
== ,     (4.5.2) 

where ù
ú

ø
é
ê

è

kg

J
a  is specific (per mass unit) work, [ ]2mS , []mL0 , [ ]30 mV , 

[ ]3-Ömkgr  and []mLD  are cross-section, initial length, initial volume, den-

sity and reversible length change of the memory element. 

  
Fig. 21. Isostress ( const=s ) -isothermal ( constT = ) forward and reverse trans-

formations of a ZnazAlatCu %6.16%2.13 -- - 100  single crystal (a) under con-

stant load ( NP 20= ), cooling and heating of a clamped ( constq=e ) 

NiazAlatCu %7.4%7.24 -- - 100 -single crystal (b). 

The one-way memory effect can therefore be defined thermodynamical-

ly as a temperature-dependent recovery of the quasiplastic deformation of a 

SMA-specimen, which was generated at the temperature 

( ) '0TMMT fs <·<  by an external stress or by a constant load, if it is 

heated above a temperature ( ) 'ofs TAAT >·>  without external stress or 

under a constant load ( const=²0s ): 

    sesse )'()( 0'0
TTrTTqyq >=> < ,         (4.5.3) 
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where re is the reversible martensitic deformation, which value may be 

different from quasiplastic deformation value, if a part of that remains irre-

versible for whatever reason. 

Another variant of the shape memory effects cannot be illustrated in 

such structural schemes (Fig. 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 deformed SMA-specimen is held 

in its low-temperature shape during heating over the temperature range 

( ) '0TAAT fs >·> , internal stresses 
r

T ess )(int=  arise in it (Fig. 21 b), 

which initially exceed the plastic yield point 
+mM

ys  and then also the 

breaking point of the martensite 
+mM

Bs  at the breaking temperature BT , 

and lead to self-destruction of the specimen (Appendix 2). 

The slope of the internal stress dependence on the temperature in the 

temperature range ( Bf TTA << ) corresponds on the other hand to the 

Clausius-Clapeyron ratio (2.1.7) 
K

MPa

dT

Td
4.2

)(
º

s
 (Fig. 21 b). The trans-

formation entropy calculated from it 
Kkg

J

dT

d
S q

BR

Ö
ºÖÖ=D ­ 24

129 e
s

r
 at 

values: 
33 /108 mkgÖºr , 08.0ºqe  for NiazAlatCu %7.4%7.24 -- -

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 insert, applicable, e.g. for electrical networks 

against overloads and short circuits [66 - 69] (Appendix 2). 

Reversible cyclic deformation of a memory element can also take place 

without bias elements and without external stress (constant load), if an ani-
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sotropic field of internal stresses ijt  is induced in the memory element by 

a few cycles of thermo-induced transformation under constant load or by 

other training methods. The source of such orienting internal stresses are 

separate martensite macromonodomains with increased reverse transfor-

mation temperatures that have arisen during training, which are thereby 

switched off from the thermo-induced transformation cycles. 

This ability of SMAôs to deform spontaneously both during heating and 

cooling is called two-way memory effect [1-3] and, thermodynamically, 

just like the one-way memory effect described above without external load 

0=exts , is defined as a special case: 

      
0

),(
=

= extijq T
s

tee            (4.5.4) 

where the stress tensor ijt  is to be regarded as an internal parameter that 

describes the internal stresses field caused by training before. The marten-

sitic deformation generated by the two-way memory effect is, however, 

much smaller than that of the one-way memory effect and is only of  %1  

up to %2 . In addition, no mechanical work (4.5.2) can be done in this pro-

cess. 

The better overview of all SMEôs in their representation as thermody-

namic functions offers the following formally illustrated scheme similar to 

the triangle learning scheme for Ohm's law 
RI

U

Ö
: 

T­­se .               (4.5.5) 

If you cover a symbol in the scheme (4.5.5) as a constant held variable, two 

remaining symbols form an SME-function (left) from the argument (right). 
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If you cover e, you get internal stress 
r

T ess )(int=  as a function of the 

temperature with the quasiplastic detent deformation kept constant, i.e. the 

memory force effect. If you cover s, you get recoverable quasiplastic de-

formation se )(Tr  as a function of the temperature at zero or constant ex-

ternal stress or load, i.e. the one-way (4.5.3) or two-way memory effect 

(4.5.4). If you cover T , you get quasiplastic, ferroelastic or pseudoelastic 

deformation ',',, 00
)( TTTTpfq ><se   as a function of the external stress at 

constant temperature, i.e. quasiplastic, ferroelastic or pseudoelastic memory 

effect. 

The existence of the substructure consisting of the martensite mi-

cromonodomains (Figs. 2 a-d) with easily movable martensite mi-

cromonodomain boundaries (stacking faults) is the basis of all kind of 

shape memory effects and is one of the criteria of thermoelasticity. The 

properties of internal martensitic boundaries determine (§3.2.2) fundamen-

tally the characteristics of the mechanical hysteresis of SMAôs. 

These characteristics are complicated in most experiments by the influ-

ence of other factors such as the presence of pMA'  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 investigating the ferroelastic hysteresis, 

there are hardly any 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 carry out the uniaxial tension-compression 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 copper cover attached to the 

top. A gap in the cover cut along the specimen enables light microscopic 

observations (Fig. 22 d) during the deformation cycles and placement of a 

thermocouple on the specimen surface. The thermal camera is connected to 

a thermostat by 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 deformation, enable clean tension-

compression deformation even without massive standard specimens re-

quired for such tests. 

Uniaxial tension-compression loading of the austenite, which is meta-

stable in the temperature range 00' TTT << , obliges it to transform into a 

martensite macromonodomain mMA­'  and thus to the macroscopic 

pseudoelastic martensitic deformation TMp z )()( sese Ö=  (Fig. 22 a). 

When the load is removed, the martensite macromonodomain transforms 

back into the metastable austenite 'AM m­  (Fig. 2 a, fourth level). The 

macroscopic martensitic deformation is recovered by the disappearance of 

the martensite as a deformation carrier, so that two hysteresis loops are cre-

ated ï one on the tensile and one on the compression 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 lines (Fig. 22 a). The slope 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 

§4.3.3: 

     
p

p
d

d

kg

J
k

e

s

r

1
=ù
ú

ø
é
ê

è
,             (4.5.6)  

where r and  pe  are density and pseudoelastic deformation. 

  

 

 

Fig. 22. Pseudoelastic tension-compression deformation by the stress-induced 
+­ mMA'  (tension side) and -­ mMA'  (compression side) transformations in 

the premartensitic temperature range 00' TTAT f <<<  (a), complete and partial 

cycles of the mixed pseudo- and ferroelastic deformation by the same transfor-

mations of the austenite part )1( z-  and by the -+ª mm MM -reorientation of 

the martensite part z  of the initial sample in the two-phase transition range 

ff ATM <<  (b), the ferroelastic deformation cycles in the martensitic state 

'0TMT f <<  (c) of a ZnatAlatCu %6.16%2.15 -- - 100  single crystal. The 

tension-compression device on the light microscope (d). 

The intersection points of the extrapolated elasticity and flow lines mark 
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the pseudoelastic yield points during loading 
°mMA

py
's  and unloading 

'AM
py

m°

s . The equilibrium stress 0ps  is defined as the mean value be-

tween the two yield points: 

     
2

)()(
)(

''

0

TT
T

AM
py

MA
py

p

mm °°

+
=

ss
s .       (4.5.7) 

If the test temperature, which is kept constant during each tension-

compression cycle, is changed from test to test, the yield points 

)(' T
mMA

py

°

s  and )(' TAM
py

m°

s   change also according to the Clausius-

Clapeyron ratio (2.1.7). The experimentally determined temperature de-

pendence of the equilibrium stress )(0 Tps  is used for other than calorimet-

rical determination and calculation of the transformation entropy 

°

D
mMAS '

: 

dT

Td
S

ppMA m )(0'
°+

Ö=D
° s

r

e
.          (4.5.8) 

In eq. (4.5.8) the determination of the transformation entropy is only 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 loops slide 

along the elastic branch towards each other, their shape and area remaining 

in the process unchanged. During the transition from pseudoelasticity 

( '0TAT f >> ) to ferroelasticity ( '0TMT f << ), when the test temperature 

reaches the two-phase temperature range ( ff ATM << ), where the initial 
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specimen consists only partly ( 10 <<z ) of martensite, a neck-shaped hys-

teresis narrowing develops between two pseudoelastic hysteresis loops in-

stead of one elasticity line (Fig. 22 b).  

The slope of the pseudoelastic lines is determined as an effective elastic-

ity modulus 
pMA

effG
d

d += '

e

s
 of the two-phase mixture by the phase fraction 

z of the martensite in the SMA initial specimen: 

   [ ] [ ] )()(1)( '' TzkTzGMPaTG f
AMA

eff

p

ÖÖ+-=+ r ,     (4.5.9) 

where: 
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            (4.5.10)  

is the slope of the ferroelastic hysteresis loop, which to be understood as an 

energetic ferroelasticity coefficient corresponding to the thermoelasticity 

Tk  (4.3.7) and pseudoelasticity pk  coefficients (4.5.6), and fe   is the fer-

roelastic deformation. 

Equation (4.5.9) adequately describes the experimentally observed 

change in the effective elasticity modulus in the transformation temperature 

range as a function of the martensite phase fraction 10 ¢¢z  in the initial 

specimen. This means that the martensitic deformation Me  (4.5.1) of the 

specimen in the two-phase state (Abb. 20 b) as well as within the transition 

sections of the )( es- -diagram (Fig. 22 b) takes place due to the reorienta-

tion of the existing martensite and the pseudoelastic deformation of the re-

tained austenite )1(, zz pfqM -Ö+Ö= eee . 

When the reorientation of the existing martensite is completed, i.e. after 



108 

 

resource of the quasiplastic or ferroelastic deformation zfqM Ö= ,ee  has 

been exhausted, the pseudoelastic deformation begins by transformation of 

the retained austenite phase fraction )1( z-  under external stress into a ten-

sile +M  or compression -M  martensite macromonodomain, the value 

)1( zpM -Ö=ee  of which is also determined by the martensite phase frac-

tion. 

Decreasing the amplitude of the pseudoelastic deformation peD  in par-

tial deformation cycles (Fig. 22 b) leads to a decrease in the width psD   of 

pseudoelastic hysteresis loop, while the slope 
pMA

effG
d

d += '

e

s
 of the linear 

sections 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: 

°+

­D
== MAMA

eff GGG
p

p

''

0
lim
e

.       (4.5.11) 

This means that the martensitic phase is completely monodomainized, and 

the SMA-specimen is only deformed by the elastic deformation of the two-

phase mixture.  

In the temperature range '0TMT f << , in which the initial specimen is 

in a purely martensitic state, the two pseudoelastic hysteresis loops permute 

into a single ferroelastic hysteresis loop (Fig. 22 c). The stress and defor-

mation amplitudes fsD  and feD  of the ferroelastic hysteresis loop are 

equal to the width of the pseudoelastic hysteresis loop and the entire 

pseudoelastic tension-compression deformation, and do not change with 
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further temperature decrease [14]. 

At the first tensile loading (Fig. 39 a) the quasiplastic yield point 

)1( =i
pM

qys  and the entire quasiplastic flow line is almost twice as high as 

the flow line in the subsequent cycles of the ferroelastic deformation: 

     ( )1,02)1( >=Öº=
+

ii f
M
f

M
qy

mp

ess .     (4.5.12) 

This is due to the partial reorientation °++­ mmp MMM  of the marten-

site polydomains, which are favorably oriented relative to the strain axis, 

from the complex mixture of twelve orientation variants (Table 3) of the 

thermo-induced polydomain martensite. 

Only the subsequent compression loading leads to a complete reorienta-

tion -+° ­+ mmm MMM  of this mixture to a compression martensite 

macromonodomain. In the event of further tension-compression-load cy-

cles, only the reorientation of the tension and compression martensite mac-

romonodomains takes place with one another (Fig. 2 a, third level). The 

corresponding tension and compression flow lines as well as two elasticity 

lines build a complete ferroelastic hysteresis loop Tf )(se  (Fig. 22 c). The 

difference in deformation mechanisms also makes the essential difference 

between quasiplastic and ferroelastic deformation. 

However, light microscopic observations show that the martensitic 

+­ mMA' -transformation under an external stress is morphologically very 

similar to the martensite reorientation 
+-ª mm MM . 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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lae are single tensile (
+mM ) or compression (

-mM ) martensite mi-

cromonodomains that arise under the external stress, defined in §3.1.1. The 

martensite micromonodomains become to a tensile (
+mM ) or compression 

(
-mM ) martensite macromonodomain at the end of the pseudo- or ferroe-

lastic deformation. The difference between the both processes consists in 

the energy of the 
-+mm

mMA ,'  phase boundaries and the internal martensitic 

°m
m

m MM @
 domain boundaries. 

The presented experimental results on the transition from pseudoelastic 

to ferroelastic hysteresis disprove the following predictions of theories and 

models of SMAôs [70, 71]: 

1. Temperature dependence of the pseudoelastic hysteresis area. 

2. Area doubling of the ferroelastic hysteresis compared to the common 

area of the pseudoelastic tension and compression hysteresis loops. 

3. Transition from pseudoelastic to ferroelastic hysteresis by moving the 

two pseudo-elastic hysteresis loops together 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 of a hysteresis loop consisting of 

two triangles between two flow lines and the abscissa 0=s  (Figs. 23 a, b) 

is determined by the energy dissipation )( f
f
Dw e  in a complete cycle of fer-

roelastic deformation: 

2)( fff
f
D kw ee Ö= .           (4.5.13) 
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The tensile and compression ferroelastic yield points
-mM

fy
s and 

+mM
fy
s  determined as the intersection of the extrapolated tensile and com-

pression flow lines with extrapolated elasticity lines lie on the abscissa, i.e. 

on the zero stress axis, in both complete and partial deformation cycles 

(Fig. 23 a, b): 

0
20

=
+

=

+- mm M
fy

M
fyf

ss
s .        (4.5.14) 

 
Fig. 23. Loops of the ferroelastic hysteresis of a ZnatAlatCu %6.16%2.15 -- -

113  single crystal and its interior determined in partial cycles with increasing 

deformation amplitude on the tension (a) and compression side (b). 

This also applies to the pseudoelastic hysteresis loops (Fig. 22 a), which 

is a horizontal-right line of the equilibrium stress 00 ¸=constps  or 

0
0
=

p

p

d

d

e

s
  (4.5.7). The energy dissipated in completed cycles of pseudoe-

lastic deformation is also calculated as the area of two triangles: 

2)( ppp
p
D kw ee Ö= .           (4.5.15) 
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These experimental results fundamentally disprove the theoretical specula-

tions [72-77], in which could be calculated a negative slope 0
,

0,0
<

fp

fp

d

d

e

s
 

of the equilibrium lines and a positive slope of the equilibrium lines 

0
'0 >

dz

dT
 within the thermal hysteresis loop with simultaneous zero values 

of the thermo- 0=Tk , pseudo- 0=pk  and ferroelasticity 0=fk  coeffi-

cients. The slopes 0
'0 >

dz

dT
 and 0

,

0,0
<

fp

fp

d

d

e

s
 should also determine the 

width of the thermo-, pseudo- and ferroelastic hysteresis loops. The ther-

moelastic component observed in all experiments, i.e. 0<
dT

dz
, 0

,

,
>

fp

fp

d

d

e

s
 

or 0,, ¸fpTk  is completely ignored in these theories.  

It follows from equations (4.5.13) and (4.5.15) that the pseudoelastic 

(Figs. 20 c; 26 HTI) or ferroelastic (Fig. 23 a, b) hysteresis loops are nar-

rower, the smaller the pseudo- or ferroelastic coefficients. This also means 

that pseudoelastic, oversized wide hysteresis loop with 0=pk  published in 

[73] is unrealistic. This was constructed by Chinese doctoral student from 

the hysteresis loop of the same ZnatAlatCu %6.16%2.15 -- - 100  single 

crystal (Fig. 26 HTI) by means of a temperature manipulation, which was, 

however, calculated physically with the help of the Clausius-Clapeyron 

equation, in order to experimentally prove the unrealistic theory of his 

german professor, and thereby grant your own doctoral thesis. 

The relationship between the stress and the ferroelastic deformation is 

generally determined by the width of the latent hysteresis loop: 
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M
fyl sss ,          (4.5.16) 

and the ferroelasticity coefficient fk  is determined as the slope of the two 

flow lines: 

fflf k eses Ö+D=
2

1
)( .         (4.5.17) 

The dissipated energy as the area of the entire hysteresis loop is calcu-

lated by integrating the function (4.5.17): 

2

0

)(2)( ffflfff
f
D kdw

f

eeseese

e

Ö+ÖD=Ö= ñ      (4.5.18) 

and supplemented by an additional linear term compared to (4.5.13) and 

(4.5.15). 

The empirical equation (4.5.18) is formally similar to that in theoretical 

models [84]: 

     e
e

s hd
d

dF
dd °ö

÷

õ
æ
ç

å
= ,           (4.5.19) 

where F  is the free energy of a deformed solid described by an internal e  

and an external s parameters; h  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 values, at 

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 values due to the hysteretic energy 

losses. Comparison of the two equations (4.5.19) and (4.5.18) gives: 

     2)( fff kh ee Ö= .            (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 hysteresis and is characteristic, for example, of ferromagnetic hyste-

resis [80]. 

4.5.3 Affinity of ferroelastic and ferromagnetic hysteresis 

The term "ferroelastic" comes from the affinity of reorientation process-

es in the polydomain martensitic phase in SMAôs and in the polydomain 

ferromagnetic phase in ferromagnetics in an external uniaxial force field 

(the mechanical external stress or the magnetic field). Even a purely visual 

comparison of the ferroelastic and ferromagnetic hysteretic behavior (Figs. 

24 a, b or 24 b and 40 a) justifies the assumption about their affinity and 

their common mechanisms. 

In order to better illustrate this affinity, the ferroelastic hysteresis loops 

in these figures are shown in a ferromagnetic axis arrangement that is unu-

sual for mechanical hysteresis: deformation fe
C

 as the ordinate like mag-

netic induction B
C

 and stress s
C

 as the abscissa like magnetic field strength 

H
C

. So, you can see that the two hysteresis loops, which 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 movement of 

domain boundaries during their reorientation: In SMAôs this is the reorien-

tation of martensite micromonodomains and in ferromagnetics from Weiss 

areas (microdomains). Because of this, the theoretical models [78, 80] and 

terms developed for some time in the field 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]. 

 
Fig. 24. Affinity of the ferroelastic hysteresis of a 

ZnatAlatCu %6.16%2.15 -- - 113  single crystal (a) and the ferromagnetic 

hysteresis of a molybdenum permalloy ferromagnetics [78, 79] (b). 

A ferromagnetic hysteresis loop (Fig. 24 b) shows the relationship be-

tween the magnetic induction B
C

 and the magnetic field strength H
C

, similar 

to the ferroelastic hysteresis loop (Fig. 24 a) the relationship between the 

ferroelastic deformation fe
C

 and the external mechanical stress s
C

: 

     HB
CC
Ö=m  ´ ske

CC
Ö=f ,          (4.5.21) 

where m is the magnetic permeability and 1-=Gk  is the mechanical com-

pressibility (4.4.5). The residual magnetization RB  (also called remanence) 

and the coercive force or coercive field strength cH  are the most important 

characteristics of ferromagnetic hysteresis [78]. 

In the case of ferroelastic hysteresis, the ferroelastic deformation that the 

specimen has after the external field has been switched off, i.e. remains in 

the specimen after the external stress is set to zero, corresponds to the re-

sidual magnetization. The ferroelastic residual deformation (ferroelastic 

remanence) can be represented as a half of the deformation amplitude feD  
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of the ferroelastic hysteresis when assuming the symmetry of the tensile 

and compression deformation: 

     
2

f
ff

e
ee

D
== -+  .           (4.5.22) 

The pseudoelastic hysteresis loops are not always symmetrical relative 

to the stress coordinate axis (Fig. 22 a). In the case of the stress-induced 

martensitic transformation, lamellae are observed in the light microscope, 

which build to the single crystal specimen longitudinal axis 
2

100
B

 the 

angle ¯45  at the tension stress and ̄30  at the compression one. This dis-

crepancy naturally changes the relationship between the normal and tan-

gential stresses acting in the shear plane (4.5.24) in the cases of tension and 

compression. 

The ferroelastic hysteresis loops of single crystals with a favorable ori-

entation 
2

100
B

 nevertheless show symmetry relative to the tensile and 

compressive effects (Figs. 22 c; 23 a, b; 24 a, c). Because of this, the in-

ternal stresses within a ferroelastically deformed (ñmagnetizedò) SMA 

specimen can 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 measured as half the stress 

amplitude fsD  of the ferroelastic hysteresis loop: 

     
2

f
ff

s
ss

D
== -+ .           (4.5.23) 

This stress value corresponds to the sense of the coercive field strength in 

ferromagnetic materials. The coercive field strength 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 pinning 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. The initial state 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 

magnetization curves in partial cycles (Fig. 24 b). 

The mechanical coercive field strength reflects the quantity of the dissi-

pative, hysteretic losses due to the friction during the ferroelastic defor-

mation and is described by the ferroelastic coefficient (4.5.10). It is caused 

by the blocking of the micromonodomain or twin boundaries by structural 

defects [80, 87, and 88], i.e. by increasing the stacking fault energy. 

The absence of temperature dependence found for the shape and size of 

the ferroelastic hysteresis 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 fields (field strength, 

stress). The dependence of the resulting martensitic deformation on the ori-

entation of the longitudinal specimen axis 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 NiatTi %5.50-  specimens textured by rolling [85]. The test 

specimens were cut out of a rolled strip with the texture ( )[ ]101112 , deter-

mined by X -ray method, in such a way that their longitudinal specimen 
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axes build different angles to the rolling direction. In thermal cycles under 

constant load, these specimens showed the quasiplastic hysteresis loops 

with different widths, with different transformation temperatures and with 

different maximal quasiplastic deformations (Fig. 25 a). 

The orientation dependency of the shape and the size of the ferroelastic 

hysteresis loops can naturally be seen most clearly in single crystals. This 

was investigated on ZnatAlatCu %6.16%2.15 --  single crystals with lon-

gitudinal axes orientations 
2

100
B

, 
2

113
B

 and 
2

111
B

 (Fig. 25 b). 

If the orientation deviates from the cubic axis 
2

100
B

 to the axis 

2
111

B
 via the orientation 

2
113

B
, the ferroelasticity coefficient increas-

es drastically, while the martensitic deformation decreases. The square of 

the ferroelastic hysteresis loop also increases, despite the substantial reduc-

   

Fig. 25. a - influence of the rolling texture ( )[ ]101112  of rolled polycrystalline 

NiatTi %5.50- - specimens with different orientations of the longitudinal axis 

relative to the rolling direction ̄0  (1); ¯5.22  (2);  ¯0.45  (3); ¯5.67  (4); ¯0.90  (5) 

and their quasiplastic deformation under constant load [85]; b - Influence of the 

orientation of ZnatAlatCu %6.16%2.15 --  single crystals with orientations of 

the longitudinal axis 100  (1),  113  (2), 111  (3)  on their ferroelastic defor-

mation as well as on the ferroelasticity coefficient and thus (4.5.13) on the dissi-

pated energy (c, the same  numbering) including the values (4) calculated from the 

pseudoelastic hysteresis of the single crystals with the same composition and ori-

entation in work [73] as well as those of ZnatAlatCu %6.16%2.15 -- - 100   

single crystals after different aging times: fresh quenched from C̄850  into cold 

water (1a), after storage at room temperature for h24   (1b) and for one month (1c) 

[10, 12, and 14]. 
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tion in its deformation amplitude. Based on ferromagnetic materials, the 

axis 
2

100
B

 can related to the ferromagnetics be considered as the axis of 

the lightest ferroelastic deformation, along which maximal deformation is 

achieved with minimal dissipative energy loss (minimal work). 

The pseudoelastic hysteresis shows the same orientation dependency: 

The equilibrium stress and pseudoelasticity coefficient increase when the 

longitudinal axis deviates from the orientation of the lightest deformation 

2
100

B
 whereas the deformation amplitude decreases. If the experimental 

0s - and pe -values are used in the calculation of the transformation entro-

py in (4.5.8), the result is the constant entropy value as a scalar, which nei-

ther depends on the single crystal orientation nor on polycrystal anisotropy 

[82], and is approximately equal to the calorimetrically determined entropy 

value. 

The dissipated energy (Fig. 25 c), 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 deviating from the crystallographic direction 
2

100
B

 is relat-

ed to the increase in the frictional force in the shear plane ( )2100 B  due to 

the increase in the normal stress component. 

This component acts on the shear plane and generates a bending mo-

ment on the habit plane of a martensite polydomain (§3.2.3), which is an 

invariant plane. The distortion of the invariant plane leads to the expansion 

of the mechanical hysteresis loop [86]. The normal Ns   and tangent t 

components of the maximal shear stress maxt  that act in the planes at an 

angle ¯45  to the longitudinal specimen axis depend on the angle abe-
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tween the habitus plane observed in the light microscope and the longitudi-

nal specimen axis: 

     
)45cos(

)45sin(

max

max

¯-Ö=

¯-Ö=

att

atsN
.             (4.5.24) 

The analysis of this dependences shows that for single crystals with orien-

tation 
2

100
B

 ( ¯=45a ) the normal component is zero and the tangent 

component is maximal. When it comes to orientation 
2

111
B

, the both are 

the same: max
2

2
tts Ö==N . 

The determined orientation dependence also supports the common char-

acter of the hysteretic behavior of ferromagnetics and SMAôs. The orienta-

tion dependence of the non-elastic properties of SMAôs 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 non-elastic 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 the unfavorably oriented variants. Such 

reorientation also takes place through the shear movement of partial dislo-

cation in certain shear systems. These are responsible for the formation of 

twins, of which consists a martensite polydomain (Fig. 2 b). 

One of the two twin parts has been defined here as a martensite mi-

cromonodomain, i.e. as an elementary area of the martensitic phase, within 

the framework of which the martensitic shear direction does not change, 

and which is regarded as a carrier of the maximal martensitic deformation ï 

the lattice shear deformation Mg . 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 ferromagnetism [89]), 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 discussed in a wide variety of ex-

periments. 

5.1 Transformation with a single phase boundary 

5.1.1 Equilibrium and stationary conditions 

The hysteretic behavior of ZnAlCu -- -SMAs depends essentially on 

its heat treatment, which is firstly related to the 32 DOB ­ -transformation  

between two austenite phases [50] and secondly to the composition, which 

is far away from both the 2B  and 3DO  stoichiometries. That causes a lot 

of excess, non-equilibrium vacancies in the Cu-based SMAôs. 

The usual heat treatments [14] contain, as a first common step, anneal-

ing at C̄850   for h5.0 , which homogenizes the 2B  ordered austenite.  The 

following heat treatment variants are then possible: 

HTI: (standard heat treatment) 32 DOB ­  transformation suppressive 

quenching in oil at C̄150 , the equilibrium distribution of excess vacan-

cies promoting aging at C̄150  during h5.0  and quenching in water at 

the room temperature; 

HTII: Both the 32 DOB ­  transformation and the equilibrium distribu-

tion of excess vacancies promoting cooling with the furnace to the room 

temperature; 

HTIII: Both the 32 DOB ­  transformation and the equilibrium distribu-

tion of excess vacancies suppressive quenching into cold water. 

The three methods of heat treatment fundamentally influence the behavior 

of single crystals (Fig. 26 HTI, HTII, and HTIII). 

The first heat treatment (HTI) causes a very narrow loop of the pseudoe-
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lastic hysteresis with the pseudoelastic coefficient 0­pk  (Fig. 26 HTI). 

The stress-induced martensite in ZnatAlatCu %6.16%2.15 -- - 100  sin-

gle crystals shows in the light microscope the lamellae that are parallel to 

each other and build an angle of ¯45  to the longitudinal specimen axis. 

These lamellae were interpreted above (§4.5.2) as a martensite mi-

cromonodomain oriented in one and the same direction. 

The pseudoelastic deformation increases by increasing the lamellae den-

sity without their noticeable growth (heterogeneous transformation) until 

they grow together into several and finally into a single martensite macro-

monodomain. This morphology is a model of the interaction and coales-

cence of the +mMA'  phase boundaries and their transformation into the 

internal martensitic ++ mm MM  monodomain boundaries, similar to those 

considered above in §3.2.2 for the thermos-induced transformation. 

The second heat treatment (HTII) increases the critical stress of the 

stress-induced martensitic transformation (Fig. 26 HTII ). Overcoming the 

yield point 
pMA

py
's  and increasing martensitic deformation are accompa-

nied by a stress drop. The sudden stress drop is caused by the formation of 

a martensite band (homogeneous transformation) against the background of 

the fine martensite lamellas.  

The light microscopic observations during temperature changes under 

constant load or during the tension-compression deformation under con-

stant temperature (Fig. 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 as twin areas consisting of several marten-
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site micromonodomains within the metastable austenite in the premartensit-

ic state. 

  

  
Fig. 26. Pseudoelastic hysteresis loops of ZnatAlatCu %6.16%2.15 -- - 100  

single crystals after various heat treatments listed above. Schematic representation 

of the stress-strain diagram in the case of plastic deformation due to the formation 

and spread of Lüders bands [91]. 

The fresh quenched specimens (HTIII ) show very unstable loops of the 

pseudoelastic hysteresis (Fig. 26 HTIII ). If the specimen loading is 

stopped during deformation, and the specimen is held under these condi-

tions (constant deformation, constant temperature), the stress on the spec-

imen decreases depending on the holding time and the preload, so that the 

reverse transformation takes place during the subsequent unloading at low-

er stresses. 

Such stress relaxation is due to the diffusion of non-equilibrium vacan-

cies in the gradient of mechanical stresses in the crystal lattice. The time-

dependent relaxation processes are described by the kinetic Arrhenius 
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equation: 

TR

EA

et Ö
-
Ö= 0)( ss ,              (5.1.1) 

where 0s  is the initial stress, R is the universal gas constant, [ ]1-ÖkgJEA  

is the activation energy of the process responsible for the relaxation. This 

energy can be determined as the negative slope of the Arrhenius graph 

)(ln 1-= Tfs  if the tests (Fig. 26 HTIII ) are carried out at different tem-

peratures and the stress decreasing over the 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 

quenching non-equilibrium vacancies. 

Formation of martensite lamellae and a martensite band was observed 

directly (Fig. 22 d) in the light microscope both during pseudoelastic de-

formation at a constant temperature (isothermal condition) TM )(se  (Fig. 

26 HTII) and during cooling under constant load (isostress condition) 

se )(TM  the same single crystal specimens after the same heat treatment 

HTII (Figs. 27 a-c) [5]. 

In this process, narrow martensite lamellae initially appeared on the pol-

ished specimen surface (Fig. 27 a) at a temperature '0TT>  during the 

slow, step by step cooling (Fig. 27 b). Their density: 

     
L

bn lll Ö
=d ,                (5.1.2) 

where ln  is the lamellae number, lb  is the average lamellae width, and L  

is the specimen length, increased continuously with further cooling without 

causing any macroscopic specimen deformation (Fig. 28 a). When the la-
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mellae width and the distance between the lamellae became the same on 

average, i.e. 2/1ºl
crz  a martensite band with a critical width mmBM

cr 2º  

(Fig. 27 c) was built at a position with the said maximal critical lamellae 

density. 
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Fig. 27. Light microscope images of the polished surface of a 

ZnatAlatCu %6.16%2.15 -- - 100  single crystal specimen (HT II): initial sur-

face (a), premartensitic lamellar martensite structure (b), martensite band with a 

transition zone (c, limited line over the transition zone). Martensitic deformation 

within the martensite band during its growth (d). 

The critical phase fraction of martensite lamellae 2/1ºl
crz  corresponds 

exactly to the critical 0z -value, at which the maximal coalescence probabil-

ity (3.2.8) is reached, and the system becomes unstable: 

021
)(

=-= z
dz

zd cf , 
2

1
0=z  and 02

)(
2

2

<-=
dz

zd cf .  

 After the band formation, a single boundary of the martensite band 
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moved away over the lamellae field with a velocity of: 

    1410)21(
)(1 -- ÖÖ·º

D
Ö= sm

dt

Ld
B

M
M
e

# .        (5.1.3) 

The martensitic deformation Me  within the martensite band was calculated 

as the ratio of the machine-measured sample elongation LD  to the band 

width MB  measured in the light microscope at the same time: 

M
M

B

LD
=e .                      (5.1.4) 

The internal deformation changes sharply (Fig. 27 d) between 050.0  and 

088.0  at the beginning of the band growth, where the ratio between the 

width trb  of the transition zone with 08.00 << Me  and the band width 

MB  is still comparably large 1.0>
M

tr

B

b
, and at the end ( 1.0<<

M

tr

B

b
) fluc-

tuates around the value of 07.0ºMe . This internal deformation also corre-

sponds to the total deformation of the specimen at the end of the martensit-

ic transformation, if LBM =  and 0=
M

tr

B

b
. These data suggest that the 

martensite band is a martensite macromonodomain.   

The single martensite band boundary moves spontaneously while the 

outside temperature remains constant. The specimen temperature was low-

ered step by step (each C̄1 ), kept constant for one minute until a station-

ary state was reached, and then lowered further (Fig. 28 a), until the spon-

taneous temperature elongation in one of the next steps caused by the mar-

tensite band formation begins as a spontaneous isostress-isothermal  

( constNP ==20 , constCT =¯= 1.12 ) martensitic deformation of the 

specimen with a starting temperature that is then kept constant (Fig. 28 a) 
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and increases to its maximal value (Fig. 28 b). 

The temperature CAs ¯= 9.13  was sensed in the same way during step 

by step heating and also kept constant after the onset of the martensitic de-

formation recovery. On the way between sM - and sA - temperatures, the 

indifferent equilibrium was reached at an equilibrium temperature '0T , in 

which the martensite band boundary creeps back and forth or stops at the 

constant temperature CTT ¯º= 7.12'0 , so that the martensitic deformation 

increases and decreases (Fig. 28 b). 
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Fig. 28. Elongation-temperature diagrams ( TL-D ) of a 

ZnatAlatCu %6.16%2.15 -- - 100  single crystal (HT II) in the premartensit-

ic temperature range of the lamellae formation during step by step cooling (a), 

isostress-isothermal deformation (up to an elongation of approx. mm8.1 ) due 

to the growth-shrinkage of the martensite macromonodomain ( b), temperature 

dependency of the critical stresses (c) of the martensite band formation (1) and 

the martensite lamellae appearance (2) during cooling under various constant 

loads. 

At the critical martensite lamellae density 2/1=l
crd , the neighboring 

mutually oriented  martensite micromonodomains or martensite twins up-

set. They build under constant load the martensite band as a martensite 

macromonodomain, the growth 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 martensitic de-

formation within the martensite band. 
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Linear dependencies of the yield points )(T
lM

pys  for the martensite la-

mellae appearance (Fig. 28 c, line 2) and )(T
BM

pys  for martensite band 

formation (Fig. 28 c, line 1) on the temperature were determined at various 

constant loads. The extrapolation of the both lines to 0=s  gives the equi-

librium temperatures KT
lMA 284'

0 =  between the metastable austenite and 

the martensite lamellae (micromonodomains) and KT
Bl MM 2700 =  be-

tween the martensite lamellae and the martensite band (macro-

monodomain). 

The )''( lMAA +­ -transformation entropy calculated from the Clausi-

us-Clapeyron equation (2.1.7) KkgJs
lMAA Ö=D +­ /0.14''

 is smaller than 

the entropy KkgJs
Bl MMA Ö=D ­+ /4.22'

 of the Bl MMA ­+' -

transformation, i.e. 
Bl MM SS > . Calculation of the latent transformation 

heat from these data gives values kgJq
lMAA /0.3976'' =D +­

 and 

kgJq
Bl MMA /0.6048' =D ­+

. The entropy and heat values of the 

Bl MMA ­+' - transformation agree with those for the RB 92­ -

transformation which were determined calorimetrically on the same 

ZnatAlatCu %6.16%2.15 --  single crystals after the HTI heat treatment. 

The critical phase fraction 2/1=l
crz  of the martensite lamellae also re-

sults from the analysis of the unstable equilibrium (3.2.11) of martensite 

polydomains with the elastic interaction energy )1()( zzKzU elel -Ö= : 



131 

 

0)21( =-= l
crel

el zK
dz

dU
, 2/1=l

crz , 0
2

2

<
dz

Ud el .       (5.1.5) 

So, the analysis shows that the elastic stored energy of martensite lamellae 

reaches its maximum at a critical density 
2

1
===

Ö
= l

cr

Ml
ll

cr z
m

m

L

bn
l

d  

and thus the unstable equilibrium. 

5.1.2 Equilibrium disturbance, dynamic conditions and structures  

The building of a homogeneous martensite band in this unstable state 

minimizes the number of lMA'  phase boundaries and thus the elastic ener-

gy of the two-phase system, without increasing the energy of the martensite 

through the formation of internal martensitic ll MM  domain boundaries. 

This leads to a positive slope 0>
dT

dz
 of the transformation trajectory due to 

increasing the equilibrium temperature )('0 zT . 

As a result, the stored elastic energy is dissipated as the acoustic emis-

sion and heat, with the subtraction of the energy used to upsetting the re-

maining martensite micromonodomains and to transform the remaining 

austenite (Figs. 28 b and 29 a, b).  

The exothermic and endothermic temperature changes measured by a 

thermocouple placed directly on the surface in the middle of the specimen 

are approx. ( )K2.04.0 ·  for isothermal ( 0=T# , Fig. 28 b) and approx. K2  

for adiabatic ( sKT /1=# , Figs. 29 a, b) band growth and shrinkage. The 

released Joule heat is kgJTcq pJ
/115ºDÖ=  for isothermal and approx. 

kgJ /230  for adiabatic conditions and is thus much smaller than the latent 

transformation  heat calculated above, which is completely dissipated into 
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the environment under these stationary transformation conditions 

( 0,0 == s##T ). 

The energy kgJ /115  corresponds rather to the height (Fig. 3) of the en-

ergy barrier BF  (3.1.5), which has to overcome the martensite band bound-

ary that grows by upsetting single martensite micromonodomains. This en-

ergy is released after crossing the barrier. The energy barrier is so low 

0­BF  that the martensite boundary is in an almost indifferent equilibri-

um on the flat bottom of the potential function )(eF
C

 (Fig. 3) in the range 

10 <<e
C

. The martensite boundary moves during the slow heating process 

at the same temperature C̄4.10  (Fig. 21 a), C̄7.12  (Fig. 28 b) and 

C̄9.11  (Fig. 29 b) forwards (lengthening) or back (shortening). 

   

Fig. 29. Change in length ),( TtLD  of a ZnatAlatCu %6.16%2.15 -- - 100 single 

crystal (HTII) due to adiabatic growth-shrinkage of the martensite band (a), indiffer-

ent equilibrium at the temperature CT ¯º12  and disturbance of the indifferent equi-

librium through an elastic impulse (b), temperature jumps )(tTD  in the dynamic 

range at the equilibrium disturbance (c). 

If the indifferent equilibrium ( 0
2

2

º
de

Fd
) is disturbed by an elastic im-

pulse, e.g. by a light click on the Cu-thermostat, on which the sample is 

lying, the martensite boundary goes completely crazy: It flies forward and 

reverse at multiple velocity of 
1310)1.18.0( -- ÖÖ· sm  through the entire 
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length of the sample with gaudy acoustic signals at the turning points (Fig. 

29 b, right) and at first appearance ignores all physical laws. The 

=-D TL( -diagram shows a negative hysteresis ( fs MA < ), so that a tem-

perature jump appears on the )( tT- -diagram (Fig. 29 c), which can only 

be explained by a heat capacity jump and, according to the Ehrenfest classi-

fication, would only be expected for the 2-nd order phase transformations. 

Such behavior of the single-phase boundary is similar to the formation and 

movement of a soliton theoretically described by Falk [43]. 

It can at that transformation be the talk neither about a specific local 

equilibrium temperature '0T  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 of C̄· )1410( . The width of the hysteresis also 

changes without recognizable laws in the range from C̄· )21(  to C̄0  un-

der dynamic conditions (Fig. 29a) or even in the negative range (Fig. 29b). 

The ñlawlessò behavior of the martensite macromonodomain, which is 

neither controlled by temperature ( )(TfM ¸e ) nor by external stress 

( )(se fM ¸ ), is possibly to explain by the uncertainty of the Clausius-

Clapeyron ratio (2.1.7) at 
0

0

­D

­D

M

AMm

s

e
 for the almost 2-nd order transi-

tions (Fig. 28c), to which mMAª'  austenite-martensite macro-

monodomain transformation may belong. On the other hand, the behavior 

of the martensite macromonodomaine 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 transformations after 

the heat treatment HTII can be associated with the heterogeneous 

32 DOB +  austenite mixture in the high temperature range, as the TEM-

investigations show (Figs. 30 a, c, d). The dark-field images in reflections 

from both austenite phases show a homogeneous distribution of the both 

phases through the specimen volume (Figs. 30 c, d), which results from 

slow cooling through the temperature range of the 3DO -ordering [50]. The 

partial rearrangement of the 2B -phase into the 3DO -phase (Fig. 30 a) is 

energetically favorable, since it minimizes the concentration of excess non-

equilibrium vacancies of the Cu-based SMAôs with the composition be-

tween two stoichiometries. 

Calorimetric data show in these samples approximately halved values of 

the RB 92ª  transformation entropy compared to the ZnAlCu -- - spec-

imens treated according to the HTI and HTIII methods. The entropy differ-

ence can be explained by the transformation of only the 2B -phase into the 

R9 -martensite, the phase fraction of which 
32

2
2

DOB

B
B

mm

m
Z

+
= , similar 

to (4.2.15), should be around of %60 , while all calorimetric parameters are 

calculated by dividing the measured values by the specimen mass 

32 DOB mmM += . 

This means that, for example, the measured transformation entropy de-

pends not only on the martensite phase fraction 
2

9
9

B

R
R

m

m
z = , but also on 

the austenite phase fraction 2BZ : 
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Fig. 30. Electron diffraction from the 32 DOB +  austenite mixture of  

ZnatAlatCu %6.16%2.15 --  single crystals (HTII), foil surface 2)100( B  (a) and 

from R9 -martensite, foil surface R9)110(  in tetragonal axes (b); Dark field images in 

reflections 2)100( B  (c) and 
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 (d). 

If the transformation entropy 
pMAs 'D  for the 100% sample corresponds 

to the complete RB 92­  martensitic transformation, a transformation in-

completeness parameter ck  can be introduced similar to (4.2.14): 
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This parameter is equal to the phase fraction of the unconverted 3DO -

austenite. This rule can be applied not only to the composite structure of 

the 32 DOB +  austenite, but also generally to a transformation, which for 

whatever reason is incomplete. 

The stress drop in the stress-strain diagram (Fig. 26 HTII ) is due to the 

fact that the velocity 14103 --Ö s  calculated from the )(tLD -diagrams (Fig. 

46 a, b) also measured depends on the deformation caused by the explosive 

formation of the martensite band and its expansion, the constant defor-

mation velocity 15102 --Ö s  of the tension-compression-machine exceeds 

more than an order of magnitude and can first no longer be controlled by 

the external stress. 

So, different kinds of transformation kinetics of the same 

ZnatAlatCu %6.16%2.15 -- - 100  single crystals are determined by the 

starting austenite structure depending on the heat treatment. The equilibri-

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 different kinetics: Nucleation of sev-

eral martensite micromonodomains and increase of the phase fraction of 

martensite by increasing its density during the deformation (pure nuclea-

tion kinetics) or formation of a single martensite macromonodomain and its 

propagation through movement of a phase boundary surface (pure growth 

kinetics). The heterogeneous stress-induced martensitic transformation is 
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energetically more favorable for the homogeneous austenite and the homo-

geneous for the heterogeneous austenite. 

The multiple martensite 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 formation and expansion 

of single or several Lüders bands (Fig. 26), and it has the same energetic 

reason. 

These single crystals show development of specific dynamic shear struc-

tures in the premartensitic state ( 020 TCMs <¯< ) of the metastable 2B -

austenite phase (Figs. 31 a, b), which can be registered through distortion 

(diffusion scattering) of the austenitic main reflections 2)110( B  and the 

appearance of diffuse satellite reflections in the vicinity of ö
÷

õ
æ
ç

å
= 0,

3

1
,

3

1
q
C

 

(Fig. 31 c) before R9 -martensite is arised at sMT<  (Fig. 30 b). 

   
Fig. 31. Dynamic shear structures in premartensitic temperature range 00 'TTT >>  of 

the metastable 2B -austenite of a ZnatAlatCu %6.16%2.15 -- - 100  single crystal 

(HTII) (a, b); Electron diffraction from the same area with diffuse 1103/1  extra re-

flections, foil surface 2)111( B  (c). 

These results show that neither the martensite lamellas nor the marten-

site band correspond directly to the martensite macromonodomain defined 

in §3.1.1. The martensite lamellae represent single martensite mi-
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cromonodomains oriented in the opposite direction or their groups (twins) 

that have grown together with zero overall deformation as dynamic unsta-

ble martensite nuclei in the premartensitic temperature range, which build 

m
mMA'  phase boundaries with the metastable austenite. The transformation 

temperature of martensite micromonodomains depends on the mechanical 

stress according to Clausius-Clapeyron equation, while the equilibrium 

temperature 0T  between the stable austenite A and the martensite macro-

monodomain mM  is a material constant, which marks the upper validity 

limit of the Clausius-Clapeyron equation. 

The martensite band is an area of the martensitic phase that is only par-

tially monodomainized (§5.4.1) due to external stress. The temperature of 

its local equilibrium with the metastable austenite )('0 sT  is also deter-

mined by the Clausius-Clapeyron equation in relation to the external stress. 

Nevertheless, the two types of martensite can be viewed as parts of the 

quantized 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 fault energy due to aging 

The ferroelastic deformation of a SMA-specimen in its martensitic state 

in the temperature range '0TMT f <<  is only caused by the movement of 

twin boundaries, i.e. partial dislocations in the martensite phase. That ulti-

mately leads to its monodomainization by reorientation of mi-

cromonodomains, which are negatively oriented relatively the external 

stress axis. The ferroelastic hysteresis is thus determined by the mobility of 

these twin boundaries or by the stacking fault energy. This in turn depends 

strongly on the concentration of point defects (vacancies, self-interstitial 

atoms, foreign atoms, etc.). The hysteretic behavior of the ferroelastic de-

formation of SMAôs is, as already shown in §4.5.3, completely similar to 

that of the magnetization of ferromagnetic materials [10, 12, and 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 defects (pinning). 

The Cu-based SMAôs with an ordered 2B  austenite structure contain 

many excess, non-equilibrium vacancies because of their composition is far 

away from 2B -stoichiometry. It was assumed [92, 93] that the martensite 

stabilization in these SMAôs is related to the high mobility of the non-

equilibrium vacancies created by quenching at HTIII, even at the room 

temperature, as the pseudoelastic behavior of ZnAlCu --  single crystals 

after heat treatment HTIII also reveals (Fig. 26 c). It can be assumed that 

aging after the quenching leads to a more stable equilibrium distribution of 

the non-equilibrium vacancies. 

The ferroelastic behavior of ZnAlCu --  single crystals was investi-

gated in the fresh quenched state (HTIII) and after aging during h24  and 
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one month at the room temperature (Figs. 32 a-c). A unique behavior of the 

fresh quenched specimens was discovered, which rather corresponds to the 

behavior of a viscous liquid and not a solid (Fig. 32 a). The maximal am-

plitude of the ferroelastic deformation is not only achieved with minimal 

tension-compression external stresses (Fig. 25 b, hysteresis loop 1) and ac-

cordingly with almost zero ferroelasticity coefficients or with almost zero 

energy dissipation (Fig. 25 c, line 1a) on the single crystalline specimens 

with orientation of the longitudinal axis 100  of the lightest ferroelastic 

deformation, but also with orientation 113  (Fig. 32 a). 

In practice it looks like that the specimens with the orientation of the 

longitudinal axis 100  clamped in a simple device can be at room 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 of reorientation processes in 

martensite during its ferroelastic tension-compression deformation. 

  
 

Fig. 32. Ferroelastic hysteresis loops of the ZnatAlatCu %6.16%2.15 -- - 113  

single crystals after quenching from C̄850  in cold water (HTIII ): a ï fresh 

quenched, b ï after h24  and c ï after one month aging at the room temperature. 

However, the service is not long-lasting: The martensite strengths no-

ticeably already after a few deformation cycles. The same happens after 
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aging at the room temperature (Figs. 32 b, c). The hysteresis width only 

increases by increasing the ferroelasticity coefficient fk , without the de-

velopment of latent hysteresis. This leads to an increase in the dissipated 

energy (Fig. 25 c, lines 1a, 1b, 1c), which depends parabolically on the fer-

roelastic deformation fe  in completed partial deformation cycles in the 

absence of the latent hysteresis 0=D ls  (4.5.18). 

Since there are no phase boundaries in the ferroelastic deformation pro-

cess, and the reorientation of martensite micromonodomains comes about 

exclusively through the movement of twin boundaries (micromonodomains 

boundaries), such behavior can obviously only be achieved through chang-

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 gradients sxgradF -=
C

 in the vicinity of stacking faults, to the twin 

boundaries, settle there and thereby reduce their mobility and thereby in-

crease the stacking faults energy. The time-dependent 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 ï 

with and without substructure ï represented here both the stabilization and 

degradation of the martensite and the great sensitivity of the local equilibri-

um temperature '0T  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 changes the local equilibrium 

temperature '0T , but also the hysteresis width of the pMAª'  martensitic 

transformations. From this point of view, one can perhaps better understand 
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the very complex effects of the thermo-mechanical treatments 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 hysteresis in more detail, the surface of polycrystalline 

NiatTi %5.50- -specimen was bombarded at the room temperature in a com-

pletely martensitic state by strong electron impulses with amperage density 

27 /10 mAjel = , acceleration voltage VUe
4105Ö=  or electron energy 

keVE 2500= , impulse duration stimp
91050 -Ö=  (Fig. 33 a) and diameter 

mD 210-=  of the round attack surface [94]. 

The structural changes in the bombarded surface zone were examined by 

X -ray analysis. The hysteresis loops )(Tz  were recorded directly by 

changes in the intensity of the ( )2110 B  austenite main reflex of the NiTi -

specimen with temperature changes in a temperature chamber placed on the 

goniometer of the diffractometer: 

( )

( ) )(

)(
1)(

2

2

110

110

fATI

TI
Tz

B

B

²
-= .          (5.2.1) 

The electron bombardment of NiTi - specimens in a completely marten-

sitic state leads to the expansion of the transformation hysteresis loop to 

lower temperatures compared to those of the initial specimen (Figs. 34 a, 

b). This expansion takes place by lowering the transformation temperatures 

fM  and sA so that up to %30  austenite appears at the room temperature 

after electron bombardment, while the temperatures sM  and fA  remain 

practically unchanged (Fig. 34 a, hysteresis loop 2). 
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The presence of the austenite phase at the room temperature after the 

electron bombardment also indicates that the temperature of the bombarded 

surface zone rose above a temperature fs ATA << , i.e. CTC ¯<<¯ 9040  

(Fig. 34 a, hysteresis loop 1) during the electron impulse duration, and that 

a partial reverse 2'19 BB ­ -transformation took place. This temperature also 

results in the calculation of the Joule heat using the parameters of the elec-

tron impulse: 

CC
Rc

tUj
T

effNiTip

impelel
¯º¯+

ÖÖ

ÖÖ
= 8020

)(
max

r
,         (5.2.2) 

where r and pc  are the density and the heat capacity of the NiTi -SMAôs, 

effR  is the effective penetration depth. 

 
Fig. 33.Bombardment scheme and oscillograms of the electron impulses cur-

rent and voltage (a) as well as diffractograms of the non-deformed initial sam-

ple and of the tensile and compression sides of the polycrystalline 

505.0495.0 NiTi -specimen deformed in a special process (b). 

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 introducing 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 stimulate the 

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 loops ( )z-1  vs. T  in complete (a) and partial (b) '192 BB ª  

transformation cycles of the initial specimen (a, hysteresis loop 1) and the same 

specimens after the electron bombardment (a, hysteresis loops 2, b) together with the 

fragments of X -ray diffractograms (b) with martensite reflexes ( )mhkl  as shown in 

the figure 33 b and the austenite ( )2110 B  main reflex. 

The bombarded surface shows traces similar to the material evaporation, 

which could cause the formation of radiation defects (vacancies) 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 SMA-specimen. 

On the diffractograms from the bombarded specimen surface, a redistri-

bution of intensity between martensite reflexes with a factor 

1
)111(

)111(
12 >>¹

m

m

I

I
K  (Fig. 34 b) can be clearly seen.  
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The electron bombardment therefore significantly influenced the struc-

ture of the specimen through strong electron-electron interactions. In order 

to investigate this effect in the entire penetration depth effR  of the impact 

zone, material layers of µm)105( ·  were step by step etched away, and the 

diffractograms were recorded at each step (Fig. 35 a). 

 
Fig. 35.Distribution of the quasiplastic martensitic deformation )(Xqe  through the 

penetration depth together with the corresponding diffractogram fragments (a) as 

well as of  the dynamic internal stresses )(int Xs  and the electron energy losses 

)(XQ  (b) during electron bombardment. 

The effective penetration depth of the electrons with energy 0E  when 

bombarding metals with density r is theoretically: 

mbEReff mr 130/2
0 @Ö@ ,           (5.2.3) 

where b is an empirical parameter related to the atomic number of the met-

al. The electrons lose all their energy 0E  along this route, which creates a 

shock wave that acts in this zone. The experimentally measured length [94, 

95] of this shock wave is approx. mm120  (Fig. 35 a) 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 same q2 -Bragg 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 monodomainization 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 been investigated and 

defined experimentally (Fig. 33 b). 

Since the X -ray diffraction recordings require the flat specimens, the 

same polycrystalline NiTi -specimens in a martensitic state were deformed 

into steel rings with different radii and aged h5.0  at C̄400  in order to relax 

the stresses (§4.5.1, 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 temperature shape. When straightening to a flat shape, the specimen is 

deformed quasiplastically, namely stretched on the inside (tensile defor-

mation) and compressed on the outside (compression deformation). The 

deformation value is determined by the radius r  of the steel rings and the 

thickness X  of the SMA-specimen %100
2
Ö=

r

X
qe  (Fig. 34 b). 

The intensities of reflexes '19)111( B  and '19)020( B  measured on the 

specimens deformed in this way are significantly greater on the compres-

sion side than those of reflexes '19)111( B  and '19)002( B , while the ratio is 

inverse on the tensile side. As already explained, the reflex intensity )(hklI  

is determined by the plane frequency factor, i.e. by the number )(hklN  of 
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atomic planes involved in X -ray diffraction with the Brag angle q2 : 

)()( hklhkl NI ´ .            (5.2.4) 

The reorientation (monodomainization, texturing) of martensite poly-

domains (Fig. 2 b) takes place through an increase in the number of mar-

tensite polydomains or positively oriented atomic planes +
)(hkl

N  that are 

favorably oriented relative to the external stress axis and their 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 

planes -
)(hkl

N , similar to how it was treated in §3.1.1 and §4.4.4. 

The total deformation can then be calculated using the ratio between 

these numbers or reflex intensities: 

ij
ij

ij
MMq

K

K

NN

NN

hklhkl

hklhkl
dggse Ö

+

-
Ö=

+

-

Ö=
+-

+-

1

1

/1

/1

)(

)()(

)()(
,      (5.2.5) 

where 1<ijK  is always, and 12d  is a conversion symbol 
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KKwenn

ij

ij
ijd  similar to the Kronecker Delta. The ratio 

(5.2.5) agrees well with experimentally measured deformation values (Fig. 

33 b), but only up to deformation %5)( ¢seq . The discrepancies in the 

case of larger deformations %5)( >seq  apparently arise 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 

resistometric studies of the ferroelastic deformation (§4.2.3, Fig. 11 c) . 

With the help of this method, the profile of dynamic compression-tensile 
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dynamic stresses acting during the irradiation was investigated on the basis 

of the remaining quasiplastic martensitic deformation (Fig. 35 a). Howev-

er, the intensity ratios in bombarded specimens differ from those in me-

chanically deformed samples: The intensity of the '19)002( B - and 

'19)020( B -reflexes remains unchanged and constant, while the intensity of 

the '19)111( B - and '19)111( B -reflexes is distributed in the same way as 

with mechanical deformation and corresponds to equation (5.2.5 ). This is 

explained by the symmetry effect: The electron beam acts isotropically in 

two-dimensional atomic planes directed perpendicular to the beam (axial 

symmetry or axial texture), while the mechanical stress acts uniaxial. 

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 stress at the depth µmX 30º . This creates a non-

deformed zone, which is responsible for the original values of the trans-

formation temperatures sM  and fA . The profile of dynamic stresses (Fig. 

35 b, left ordinate axis) is a structural image of dynamic processes that take 

effect in the bombarded zone in the nanosecond range and that would be 

impossible to record in real time. 

This profile (Fig. 35 b, right ordinate axis) is a direct derivation of the 

distribution function of the electron energy losses through the penetration 

depth [94, 95]: 

[ ]))()( XUgradX X-=s ,            (5.2.6) 

where )()( XQPXU Ö¹  is the interaction energy between impulse elec-

trons and the electron-phonon system of the solid and P is a coupling pa-

rameter. The latter allows a quantitative relationship between the dynamic 

stress and the electron impulse parameters to be restored, if it can be de-
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termined experimentally. So, this property of SMAôs can 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 

mm)3020( · . The intensity losses in X -ray recorded from these depths are 

)%9575( · . In this zone, quasiplastic martensitic compression deformation 

has been proven experimentally (Fig. 35 a). 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 faults leads to an increase in the free energy of 

the martensite. This lowers the local equilibrium temperature '0T  (Fig. 1 b) 

and thus the transformation temperatures fM  and sA  (Figs. 34 a, b). 

Such extended hysteresis loops are sometimes useful for practical appli-

cations and are otherwise brought about by creating artificial structure gra-

dients in complex structured SMA-specimens [96-98]. 

5.3 Martensite monodomainization as a stabilization mechanism 

5.3.1 Martensite stabilization through ferroelastic deformation 

With the thermo-induced martensitic transformation, up to twelve dif-

ferent orientation variants of martensite polydomains arise through shear in 

24 energetically equivalent shear systems (§4.4.4, 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 thermo-induced martensite. Complete monodomainization, 

however, is only achieved through complete cycles of ferroelastic tension-

compression deformation of a SMA-specimen in the martensitic state 

( '0TMT f << ). 
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Investigation of the temperature dependence of the mechanical hystere-

sis in the transition from pure pseudoelastic tension-compression hysteresis 

in the austenitic state ( '0TAT f >> ) via the mixed hysteresis in the two-

phase temperature range sf ATM <<  to pure ferroelastic hysteresis in the 

martensitic state (Figs. 22 a-c) with a step by step 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 from '0TAT f >>  to '0TMT f << , the return run of these 

measurements with a temperature increase from '0TMT f <<  to 

'0TAT f >> , i.e. back to the pseudoelastic hysteresis, was no longer pos-

sible, or the transition from ferroelasticity to pseudoelasticity was not 

achieved. The specimen remained in its martensitic state in a temperature 

range well above the finish temperature fA  of the thermo-induced reverse 

transformation of the initial specimen. In order to investigate this behavior, 

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 macromonodomain created by ferroelastic defor-

mation cycles into stable austenite AM m­  takes place during the first 

heating at elevated temperatures CAA AM
f

AM
f

pm

¯·+= ­­ )10050('  

(Figs. 36 a-c). This reverse transformation temperature is the higher, the 

broader the initial thermal hysteresis loop ( MnAlCu --  and 

NiAlCu -- - single crystals compared to ZnAlCu --  single crystals) 

and the larger the amplitude of the ferroelastic deformation feD . 
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These tests show that the martensite macromonodomains produced by 

cyclic ferroelastic deformation participate in the ferroelastic deformation, 

but are no longer transform into the metastable austenite 'A  when the tem-

perature rises above the initial temperature range ff AM · .  
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Fig. 36. Calorimetric measurement curves [13, 14]: Temperatures of the marten-

sitic reverse transformations AM m­  during the first heating (1h), of  pMA­' -

transformation during the first cooling (1c) and of 'AM p­ -transformation dur-

ing the second heating (2h) of the NiatAlatCu %7.4%0.24 -- - 110  single 

crystals after the ferroelastic deformation cycles with amplitudes %8=DM
fe  (a) 

and %4=D M
fe  (c) as well as the MnatAlatCu %7.10%7.20 --  - 110  single 

crystals with a strongly developed block structure after the ferroelastic defor-

mation cycles with an amplitude %8=DM
fe  (b). Transformation entropy (d) of 

the ZnatAlatCu %6.16%2.15 -- - 110  single crystals, HTI (sample 1) and 

HTII (sample 2) in the initial state ( 0=n ) immediately after their stabilization by 

ferroelastic deformation ( 1=n , 1h and 1c) and in further thermal cycles ( 2²n ). 

The reverse transformation takes place at elevated temperatures and 

shows explosive AM m­ -transformation kinetics in a narrow temperature 

interval AM
f

AM
s

mm

AA ·  or occurs in several discrete steps with sharp sep-
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arate maxima. The number of such discrete maxima (Figs. 36 b, c) is obvi-

ously intended to be the number of substructureless macromonodomains of 

different sizes. 

The latent transformation heat 
AM m

q ­D  measured during the first 

heating is the same as that 
'AM p

q ­D  in the initial specimen. This contra-

dicts the data measured on monodomainized polycrystalline NiTi -

specimens [19, 20], which report not only an increase in the reverse trans-

formation temperatures up to C̄40 , but also an increase in the latent trans-

formation heat up to a contribution of kgJ /10 . 

The increase in the latent transformation heat would mean a reduction in 

the internal energy of the monodomainized martensite compared to the en-

ergy )0()0( ==<== TFUTFU
ppmm MMMM

 of the martensite poly-

domains and would also lead to an increase in the reverse transformation 

temperature with the same entropy values during the first heating 

'// 0
''

0 TqsTqs AMAMAMAM ppmm

D=D=D=D  (Fig. 1 b). 

The entropy difference 
AM m

sD  between a martensite macro-

monodomain and the stable austenite is accordingly smaller than that 

'AM p

sD  between the martensite polydomains and the metastable austenite. 

In these calculations, the equilibrium temperatures were placed in the mid-

dle of the transformation temperature range for the sake of uniformity, even 

with discrete shapes of the measurement curves 2/0 ö
÷

õ
æ
ç

å
+= AM

f
AM

s

mm

AAT  

and 2/' ''
0 ö

÷

õ
æ
ç

å
+= AM

f
AM

s

pp

AAT  (Figs. 36 b, c). Discrete reverse transfor-
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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 transformation entropy means that the difference in slope of the 

straight lines )(TF
pM

 and )(' TF A
 has become smaller than that of the 

straight lines )(TF
mM

 and )(TF A
 (Fig. 1 b), either because the entropy 

vibconfig SSS +=  of the martensite monodomain is greater than that of the 

martensite polydomain 
pm MM SS >  due to greater configuration entropy 

pm M
config

M
config SS > , or because the entropy of the metastable austenite is 

greater than that of stable austenite AA SS >'  due to greater vibration en-

tropy A
vib

A
vib SS >' . 

Such a stabilization effect was also registered by resistance measure-

ments )(TRD  (Fig. 10 c, hysteresis loop 2). The phase fraction of the stabi-

lized martensite 
pM

sz  (subscript s) can be calculated from the difference 

in resistance 
'AM

s

p

RD  between the electrical resistance of the initial speci-

men and that of the ferroelastically deformed specimen with part of the sta-

bilized martensite (4.2.14). 

The martensite monodomains stabilized from the thermo-induced trans-

formation by reorientation and thus eliminated from the transformation cy-

cles generate internal stress fields in the austenite, which have an important 

orienting effect on the nucleation and growth of reversible thermo-induced 

martensite polydomains for the two-way shape memory effect (§4.5.1) . 

All these martensite stabilization effects, also incorrectly called hystere-



154 

 

sis expansion effects [99-101], were explained in most research works as 

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 an 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 stabilization by mechanical impact 

In order to clarify the role of irreversible defects such as dislocations in 

the martensite stabilization, a rolled and standard heat-treated (HTI) poly-

crystalline NiatAlatCu %0.4%4.13 -- -specimen was treated in its two-

phase state at the room temperature by mechanical impact, i.e. shot through 

by a projectile with a weight of approx. kg210-  and a velocity of sm/200 . 

The X -ray diffractograms of the specimens cut out at the edge of the 

penetration hole (Fig. 37) show an intensity redistribution of the R9  mar-

tensite phase reflexes and a reduction in their number as well as in the in-

tensity of 2B  austenite reflexes. This points to the deformation of the mar-

tensite due to reorientation of thermo-induced martensite polydomains or a 

strong texturing of the martensite phase (Fig. 33 b) [85, 94, and 95] as well 

as the pseudoelastic deformation of the specimen due to the transformation 

of the remaining austenite into the monodomainized martensite 
mMA­' . 

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 these factors on martensite stabilization is shown by the 

transformation trajectories calculated from calorimetric data in subsequent 
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heating-cooling thermal cycles (Fig. 38). The martensitic reverse transfor-

mation does not take place during the first heating in the temperature range  

fs AA ·  of the initial reverse 'AM p­ -transformation (approx. 

( )C̄·7040 ) of the initial specimen, but at much higher temperatures in the 

range of approx. ( )C̄·14090  (Fig. 38, line 1h). 

The measured latent transformation heat 
AM m

qD  is only approx. %40  

of the same as the initial latent heat 
'AM p

qD  of the reverse transformation. 

This means that the rest of the martensite phase of %60  (4.3.2) still re-

mained irreversible. In the subsequent cooling-heating cycles, the forward 

and reverse transformations of the martensite polydomains restored by the 

first heating take place again in the normal )( fs MM ·  and )( fs AA ·  

temperature ranges for the initial specimen (Fig. 38, lines 1c, 2h, 2c, 3h). 
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Fig. 37. The X -ray diffractograms (Fe-

radiation) recorded from 

NiatAlatCu %0.4%4.13 --  polycrystal-

line initial specimens at the room tempera-

ture in the RB 92+ -state (above) and after 

the impact (below). 

Fig. 38. Calorimetrically determined 

transformation trajectories )(Tz  of the 

same specimens in the first heating (1h) 

after impact and further cooling-heating 

thermal cycles (c ï cooling, h ï heating). 

When the specimen was in the calorimeter further heated to over C̄300  

during the third heating (3h), the remaining part of %60  the stabilized mar-

tensite transforms in a temperature range of C̄· )360300(  into the austen-
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ite. During the subsequent cooling and heating, the complete forward and 

reverse transformations of the specimen take place again in a temperature 

range normal for the initial specimen (Fig. 38, lines 3c, 4h). The tempera-

ture shift between transformations trajectories (Fig. 38, lines 3c, 4c) can be 

simple explained by the different scanning rates during the 3rd 

( min/10KT=# ) and 4th ( min/5KT=# ) 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 by the me-

chanical shock effect by two mechanisms. The first is the same as that for 

the above-discussed increase in the reverse transformation temperature up 

to C̄100  )100( ' CAA AM
f

AM
f

pm

¯+=  after the ferroelastic deformation cy-

cles (Figs. 36 a-c): monodomainization and texturing of the initial differ-

ently oriented thermo-induced martensite polydomains through reorienta-

tion during the mechanical shock impact. This is supported by the quantita-

tive increase in the initial reverse transformation temperatures in the same 

range of  ( )C̄·10050  (Fig. 38, line 1h). 

The difference to single crystalline ferroelastically deformed specimen 

is that the reverse transformation of the martensite monodomains created 

by the shock effect in polycrystalline specimens does not take place explo-

sively in a narrow temperature range fs AA · , but in a temperature range 

fs AA '' · , which is even C̄50  greater than that in the initial specimens. 

This is obviously due to a much more complicated than uniaxial mechani-

cal action on the martensite polydomains of a polycrystalline specimen and, 

accordingly, on a much larger number of energetically different, e.g. due to 
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the reorientation degree, martensite monodomains. 

A similar picture was also observed in MnAlCu --  single crystals with 

a strongly developed block structure, in which the reverse transformation 

after the ferroelastic deformation cycles at elevated temperatures consists 

of several single explosive reverse transformations in an extended tempera-

ture range (Fig. 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 reverse transfor-

mation kinetics of the NiAlCu --  single crystals (Fig. 36 c 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 movement of 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 

temperature ma TT Öº 4,0 , where mT  is the melting temperature. 

The tempering temperature is KTa 543º  for copper, i.e. approx. C̄270  

for shock-treated Cu-based SMAôs specimens. The reverse transformation 

of the remaining stabilized martensite, experimentally determined by heat-

ing directly in the calorimeter, also takes place in the temperature range 

from C̄· )360300(  (Fig. 38, line 3h) with %60  of the measured latent 

transformation heat of the initial specimens. So, the second mechanism of 

martensite stabilization is its hardening through the true plastic 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 temperature aT . 

It can be concluded from this that the deformation of a SMA-specimen 

during the impact runs through the entire stress-strain diagram known for 

SMAôs with an elastic area, a quasi-plastic flow by reorientation and partial 

monodomainization of martensite polydomains or a pseudoelastic flow by 

the stress-induced transformation of the existing austenite into the partially 

monodomainized martensite, the second elastic area and a true plastic flow, 

hardening of the martensite by multiplying and moving dislocations, up to 

the breaking point. 

The martensite is stabilized by the two flow mechanisms and eliminated 

from the martensitic 'AM pª -transformation, which is reversible at nor-

mal transformation temperatures around the local equilibrium temperature 

'0T , until it is heated, initially through the temperature 

'0
' TAA AM

f
AM

f

pm

>>  and finally through the temperature aTT> . 

The two stabilization mechanisms, monodomainization (index ñmò) and 

plastic deformation by multiplying dislocations (index ñdò), can be clearly 

differentiated experimentally through the temperature differences 

CTAT AM
fm

m

¯º-=D 60'0  and CTTT ad ¯º-=D 300'0 . 

The knowledge obtained here about martensite stabilization through 

monodomainization without plastic deformation plays a decisive role for 

practical applications of SMAôs as actuators that can be stressed cyclically, 

such as e.g. [59-65]. The degradation of the shape memory properties with 

the number of action cycles, 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 by a short heating, e.g. is treated by an electrical current impulse 

or in a drying oven up to a maximal temperature CAT f ¯+= 100max . Such 

a short low-temperature heat treatment completely restores the shape 

memory properties with the least amount of effort, without damaging the 

non-SMA components of the device. 

5.4 Local stabilization effects 

5.4.1 Return points memory in ferroelastic deformation cycles 

The thermo-induced martensite polydomains represent all twelve orien-

tation variants, which make different determined by the Schmid's orienta-

tion factor  jfm coscos Ö=  (§4.4.3, Table 3) contributions to the marten-

sitic total deformation of a SMA-specimen by a uniaxial load in the mar-

tensitic state and are loaded differently.  

At the first tensile load 0>+fs  of the polydomain martensite, the mar-

tensitic yield point p
qys  as the beginning of the quasiplastic martensitic de-

formation due to reorientation +­ mp MM  is about twice as high (Fig. 39 

a) as the tensile stress +fs  at 0=fe  in further complete cycles of the fer-

roelastic martensitic deformation, in which a martensite macromonodomain 

+mM  created during tensile deformation is converted (reoriented) into an-

other martensite macromonodomain -mM  created during compression de-

formation. 

If the specimen is relieved again to the zero-stress 0=s  after the first 

tensile load, the martensitic deformation is retained (quasiplasticity). This 

deformation reverses only when it is heated above the initial fA -
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temperature (shape memory effect). A shift in the temperature fA  in such a 

typical shape memory method was not observed, or possibly not special 

investigated. This means that the reorientation of the martensite polydo-

mains takes place during the first tensile load without reducing the number 

of internally martensitic ppMM  polydomain boundaries. 

 

 

 

                                                                              

 

 

Fig. 39. a: The first tensile load of a ZnatAlatCu %6.16%2.15 -- - 100 single 

crystal (HTI) [14] and complete ferroelastic hysteresis; b, c: Memory of internal 

trajectories for the return points of a MnatAlatCu %4.4%9.24 -- - 110 single 

crystal in different partial cycles of ferroelastic deformation [13]. 

Only the monodomainization with the annihilation of internal martensit-

ic ppMM  polydomain boundaries and twin boundaries (stacking faults) 

through complete cycles of the ferroelastic tension-compression defor-

mation creates a single or several martensite macromonodomains, which 

transform into the stable austenite at considerably higher temperatures 

'00 TTT >­ .  

Both the internally martensitic ppMM  polydomain boundaries and 

twin boundaries or stacking faults annihilate by the fusion of partial 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 in 

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 appear on the specimen edges. 

Similar behavior was observed in the first cycle of compression defor-

mation 0<-fs  on ZnatAlatCu %6.16%2.15 -- - 100  single crystals with 

a narrow hysteresis (Fig. 32 b) and on MnatAlatCu %4.4%9.24 -- - 110  

single crystals with a much wider hysteresis (Fig. 39 b). A 

MnatAlatCu %7.10%7.20 -- - 110 single crystal (Fig. 40 a), however, 

does not have this effect. It is evidently due to the fact that the single crys-

tal had already been subjected to a tensile pre-deformation caused by inter-

nal stresses, which is indicated by the asymmetry of the ferroelastic hyste-

resis loop relative to the zero-stress axis. 

The presence of differently oriented martensite polydomains that have 

not been reoriented by tensile deformation or non-annihilated internal mar-

tensitic boundaries leads to an increase in the martensitic compression yield 

point -fys  during the first compression load. The increase no longer occurs 

in further deformation cycles. This appears in partial cycles as a memory of 

internal deformation trajectories for the return points, designated hear as 

the RPM-effect (Return Point Memory). 

If the compression load is interrupted at one point (Fig. 39 b, 1-5) and 

reduced in a partial cycle, the yield point for the subsequent compressive 

load is compressive 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 and subsequent runs with lower stresses. 

On the tension side ( 0>+fs ), this RPM-effect 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 first tensile load and 

the subsequent complete compression deformation to a martensite macro-

monodomain -mM , so that the ferroelastic deformation in the further runs 

only takes place through the reorientation +-ª mm MM . Secondly, that 

the compression deformation in partial cycles only begins with the reorien-

tation -+­ mm MM  of the +mM -monodomain  created through the ten-

sile stress in previous partial cycles during the first run before the return 

point and continues with the reorientation -­ mp MM  of the remaining 

polydomain martensite only after the return point. 

   
Fig. 40. Partial cycles of ferroelastic deformation of the 

MnatAlatCu %7.10%7.20 -- - 110  single crystal from the tension and 

compression sides (a), hysteresis degradation with spirally reduction of the fer-

roelastic deformation amplitude of the same single crystal in partial cycles (b ï  

both in the ferromagnetic axis representation) and of a 

NiatAlatCu %0.4%4.13 -- - 100  single crystal (c). 

The RPM effect ensures that even the internal trajectories of the ferroe-

lastic deformation never intersect in a partial cycle. This again disprove the 

ñexperimentalò results presented in [73]. The partial hysteresis loops al-

ways close at their return points at which they started (Fig. 39 c, points 1, 

2, 4). If the stress does not change its sign in partial deformation cycles, i.e. 

0>+fs  remain on the tension side or 0<-fs  on the compression side, the 

deformation remains elastic (Fig. 39 c, line 3) with the elasticity modulus 
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MG  of the martensite. 

If the internal hysteresis loops are driven in a spiral shape in partial cy-

cles with ever smaller deformation amplitudes )1()( +D>D ii ff ee  (Figs. 

40 b, c), the ferroelastic hysteresis also degrades to an elastic line due to 

increasing ferroelasticity coefficients )()1( ikik ff >+ : 

     M
f Gk

f

Ö=

­D
r

e

1
lim

0

.              (5.4.1) 

5.4.2 Return points memory in thermo-induced transformation cycles 

The RPM-effect is also observed during the thermo-induced martensitic 

transformations [13, 14]. Partial cycles of the thermo-induced transfor-

mation according to the scheme: Heating in the temperature interval of the 

reverse transformation up to a temperature that decreases each time (Fig. 

41 a): 

     1+>DÖ-= ifi TTiAT ,            (5.4.2) 

where Ni ...,,2,1=  is the cycle number, and subsequent cooling to the 

same temperature fMT<  in each cycle, lead to a specific change in the 

kinetics of the final complete reverse transformation. 

The calorimetric measurement curve (Fig. 41 c) of the complete reverse 

transformations recorded after this procedure (5.4.2) shows the fragmenta-

tion of the previously single endothermic maximum into a series of N -

maxima. This RPM-effect, also called TAME (Thermal Arrest Memory 

Effect) [25] or SMART-effect (Step-wise Martensite to Austenite Reverse 

Transformation) [26, 27], consists in the reverse transformations 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 
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transformation heat of these multiple maxima is the same as the initial 

transformation heat represented by a single maximum. This means that the 

same martensitic transformation takes place here, but with different "step-

wise" kinetics. 

The thermo-induced martensitic transformations of SMAôs take place 

with temperature changes as the appearance-disappearance 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-

cluded in the self-accommodated 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 

pMA'  phase boundaries and with a radical redistribution of elastic stresses 

and energy in the vicinity of this group. 

The RPM-effect shows that the martensite polydomains, which disap-

peared last in partial cycles during heating and arise during cooling in the 

same place in a self-accommodated group have a higher reverse tempera-

ture than those in the initial thermo-induced martensite polydomains. Ac-

cording to the concept of martensite stabilization through monodomainiza-

tion presented here, this means that this martensite polydomain, which had 

to be classified in a changed stress field of a self-accommodated 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 RPM-effect is based on the preservation of the morphological 

martensite structure that has arisen during the heating up to the return tem-

perature as a ñmemory carrierò during the training process described above 

(5.4.2). If this morphological carrier disappears during training, there is no 
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RPM-effect. 
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Fig. 41. Partial reverse '1919 BB ­ -transformation cycles (a) with a subse-

quent very pronounced RPM-effect (c), partial reverse 19'19 BB ­ -

transformation cycles (b) without the subsequent RPM-effect of a polycrystal-

line FeatCuatNiatTi %8.1%0.10%2.38 --- -SMA and a very pronounced 

RPM-effect after partial 29 BR­  reverse transformation cycles of a 

MnatAlatCu %7.10%7.20 -- - 110  single crystal (d).  

This is, e.g., the case when the transformation is interrupted according to 

the similar scheme: Cooling into the temperature interval of the forward 

transformation up to a temperature that rises 1+<DÖ+= ifi TTiMT  or 

falls 1+>DÖ-= isi TTiMT  each time and the subsequent heating to the 

same temperature fAT >  each time (Fig. 42 b), at that remains no trace of 

the martensite as memory carrier, and thus no RPM- or SAMFT-effect 

(Step-wise Austenite to Martensite Forward Transformation) can conse-

quently takes place. 
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For the same reasons, the RPM-effect 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 to a temperature that increases each time 

1+<DÖ+= isi TTiAT  and subsequent cooling to a temperature fMT< . 
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Fig. 42. Partial cycles of the reverse 219 BB ­ -transformation with invariant 

plane of a PtatNiatTi %9.7%1.42 -- -SMA  (a) and 219 BB ­ , 

AuatNiatTi %10%0.40 --  (b) with a weak pronounced RPM-effect, 

2)(19 BiB ­  with invariant plane,  PdatNiatTi %10%0.40 --  (c); RB ­2  

(d) and 2BR­  (f) without any RPM-effect;  RB ­'19  (e) with a strong pro-

nounced RPM-effect, a polycrystalline AlatNiatTi %8.1%2.48 -- -SMA. 

The RPM-effect apparently has to do neither with martensite stabiliza-
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tion through dislocations [26, 27], as it proves the studies of the impact, 

where the role of dislocations in martensite stabilization (Fig. 38) is clearly 

shown, nor with grain boundaries [25], how it proves the presence of a 

strongly pronounced RPM-effect in MnAlCu --  single crystal (Fig. 41 d) 

and its absolute absence in polycrystalline NiTi  SMAôs (Figs. 42 c, f). 

However, it has to do with the elastic energy of internal ppMM -

martensitic as well as twin boundaries, i.e. with their number, stacking fault 

density, stacking fault energy, habitus of martensite polydomains, orienta-

tion relationships between the austenite and various orientation variants of 

the martensite polydomains, i.e. with the hysteresis size of the correspond-

ing martensitic transformations, as has already been determined for ferroe-

lastic hysteresis (Figs. 39 b, c) [13, 14]. 

5.5 Relationships between phase fraction and transformation heat 

5.5.1 Hysteresis interior, equilibrium and transformation trajectories 

The RPM-effect in thermo-induced transformation cycles was discov-

ered by investigating the hysteresis interior by means of partial forward and 

revers transformation cycles in calorimeter [11, 14, and 15]. The hysteresis 

loops are determined from the calorimetric measurement curves )(Th  

(4.3.2). First, complete forward transformation cycles were recorded and 

the corresponding values of the latent transformation heat for the complete 

forward (
pMA

cq ' ) and reverse transformations (
'AM

c

p

q ) as well as com-

plete )(Tzc  and partial )(Tzi  hysteresis loops were determined (Figs. 13, 

16 and 43 a, b, c) [11, 15]. 

The revers transformations was stopped in partial cycles at the tempera-

tures iT , which were gradually lowered according to scheme (5.4.2), and 

the complete forward transformation of the austenite phase fraction 
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[ ])(1 iTz- , formed during the partial revers transformations, into the mar-

tensite was carried out by cooling down to the temperature fMT< .  
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Fig. 43. Complete and partial hysteresis loops of various transformations of polycrys-

talline NiTi -based SMAs (a, b, c) and ratios '' / AM
i

MA
i

pp

zz  (ac, bc, cc) and 

pp MA
i

AM
i zz '' /  (ah, bh, ch). 

Likewise, the forward transformations was stopped at different tempera-

tures iT  according to a similar scheme TiMT fi DÖ+= , and the complete 
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transformation of the martensite phase fraction )( ii Tzz = , formed during the 

partial forward transformation, into the austenite was carried out by heating 

up to always the same temperature fAT > . 

The forward and revers transformation start temperatures determined 

from these internal transformation trajectories by the extrapolation method 

represent two lines )(zM s  and )(zAs  for all transformation of all investi-

gated SMAôs (Figs. 43 a, b, c). 

The course of these )(zM s - and )(zAs -lines reflects the redistribution 

of the elastic energy between the both phases and the corresponding shift in 

the equilibrium temperature )('0 zT  during the forward and reverse trans-

formations, as discussed in the theoretical treatment in §3.2.2. 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 trajectories )(zM s  in the transformations with a narrow and sym-

metrical hysteresis loops are straight lines parallel and close to the trajecto-

ries )(zAs  and in some cases perpendicular 0
)(
=

dz

zdMs  to the temperature 

axis (Fig. 43 b). The case 0
)(
=

dz

zdMs  is observed for almost all transfor-

mations in the range 4.00 <<z  that corresponds to the instability 

0
2

'2

<
+

dz

Fd
pMA

 range of the two-phase mixture analyzed in (4.2.20). 

In this area, the formation of ever new pMA'  phase boundaries domi-

nates through their annihilation and the emergence of the internal marten-
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sitic ppMM  polydomain boundaries. After that at 5.0>z , in some trans-

formations but also in the whole range 10 <<z  or in the theoretically cal-

culated range 74.016.0 <<z , the slope can either be negative 0
)(
<

dz

zdMs  

(Figs. 15 b. 43 a) or positive 0
)(
>

dz

zdMs , especially for the transfor-

mations with large hysteresis (Figs. 15 a, 43 c). 

As already analyzed above, a negative slope 0
)(
<

dz

zdMs  or decrease 

0
)('0 <

dz

zdT
 in the equilibrium temperature during the transformation is 

caused by increase in the free energy of the martensite phase due to the 

formation of internal martensitic micromonodomain boundaries (stacking 

faults, the structural accommodation mechanism) and ppMM  polydomain 

boundaries (the morphological accommodation mechanism). An increase 

0
)('0 >

dz

zdT
 in the equilibrium temperature deals with a decrease in the 

stacking fault density in the martensite polydomains (partial monodomaini-

zation), which arise in the field of the remaining elastic shear stresses from 

the accommodated martensite polydomains and their conglomerates. 

The presence of such stresses is responsible for the experimentally de-

termined (Fig. 17) and above presented dilation effects (4.4.22) in SMAôs. 

The more complex, curved lines point to a parallel effect of the both mech-

anisms considered above: Energy increase in the martensite phase due to 

internal martensitic boundaries and partial monodomainization of some 

martensite polydomains due to internal shear stresses. 

The relationships 
ppp MA

ci
MA

i
MA

i qTqTz ''' /)()( =  ( sif MTM << ) be-
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tween the latent transformation heat and the martensite phase fraction de-

termined experimentally, at which the forward transformation during cool-

ing in i th partial cycle was interrupted, and the phase fraction of the mar-

tensite 'AM
i

p

z  transforms back into the austenite during the subsequent 

heating show (Fig. 43 ac, bc, cc) significant deviations from the propor-

tionality 1/ '' =AM
i

MA
i

pp

zz  of the latent transformation heat and the phase 

fraction of the transformed martensite, postulated in the thermoelasticity 

model (4.3.2). The same takes place under the opposite conditions, if the 

reverse transformation in i th partial cycle was interrupted and the resulting 

austenite completely transforms back into the martensite on cooling (Fig. 

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 production (the second law of thermodynamics). Since 

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 functions )( '' pp MA
i

AM
i zz  (Fig. 43 ac, bc, cc) and 

)( '' AM
i

MA
i

pp

zz  (Fig. 43 ah, bh, ch) should each represent a diagonal, as-

suming the above mentioned 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 Figure 43 ch is added to that in Figure 5 a, where the latter should be 

multiplied by suitable absolute values elK  beforehand, the resulting line 

can already come close to the diagonal. 

But the absolutely inadmissible behavior, which corresponds to the inju-
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ry of the second law of thermodynamics (Fig. 42 f and 43 bh) [15], obvi-

ously requires a completely other correction. The behavior completely con-

tradicts the main concern of the thermoelasticity model, namely that the 

martensitic transformation of SMAôs strictly follows the temperature 

change (athermal kinetics), as observed by Kurdjumov [4]. 

It can be seen (Fig. 42 f) that the gradual lowering of the turning tem-

perature iT  in partial reverse transformation cycles (p.c.h.), i.e. the gradual 

reduction of the endothermic latent transformation heat 

'
1

''' AM
i

AM
c

AM
i

AM
i

pppp

qqzq +>Ö= , does not change the calorimetric meas-

urement curve and thus does not reduce the exothermic latent transfor-

mation heat 
pppp MA

i
MA

c
MA

i
MA

i qqzq '
1

'''
+=Ö=  in the subsequent forward 

transformation (Fig. 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 temperature )(zM s  in partial cycles (Fig. 

42 f). 

Only at a temperature ii AT =  that corresponds to the austenite phase 

fraction of 6.0)1( º-z  (approx. %40  reverse transformed martensite) oc-

curs the first reduction in the exothermic latent transformation heat. This 

means two things: Firstly, 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 "perpetuum mobile" and forbidden by the 2-nd law of 

thermodynamics, takes place in a system that is not completely closed. Or 

secondly, the reverse transformation has already been completed ( 0=iz )  

at the turning temperature fii AAT ¹= , and the area recorded in complete 
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transformation cycles in the calorimeter only shows the aftereffect ("heat 

tail") that is recorded by the measuring device after the heat source has 

been switched off (Fig. 42 f, checkered area). 

5.5.2  Transformation velocity and latent transformation heat 

The 2-nd 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 the temperature 

change, if the line )( '' AM
i

MA
i

pp

zz  is converted with this assumption 

0'=AM
i

p

z  instead of 4.0'=AM
i

p

z . The new corrected line is then closer 

to the diagonal (Fig. 43 bh, dashed line). All transformations with a small 

hysteresis (narrow hysteresis loop) such as the 192 BB ª -transformations 

with an invariant plain in 1.04.05.0 PdNiTi  have such a ñcriminalò anomaly. 

  
Fig. 44. TEM-image of the twin boundaries traces (stacking faults) of a martensite 

polydomain after their disappearance directly in the electron microscope due to 

the energy effect of the electron beam (a) and electron diffraction pattern of the 

2B -austenite (foil surface 2)111( B ) from the same point (b). 1.04.05.0 PdNiTi -

polycrystal, 192 BB ª -transformation with invariant plane, temperature interval 

of the reverse transformation CAA fs ¯·=· )3024( , hysteresis width C̄8 . 

In TEM-investigations of polycrystalline 1.04.05.0 PdNiTi -SMAôs, it was 

possible to observe how a martensite polydomain that was present at the 

room temperature imploded or collapsed approximately in s1  as soon as the 
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electron beam was directed on it, in doing so, it leaves an "imprint" of its 

twin substructure (Fig. 44 a). 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 high-temperature 2B -phase (Fig. 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 front, but also from 

the regression of its twin substructure in SMAôs with 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 from C̄20  to the temperature CAT f ¯== 30  lasts in calo-

rimeter at the constant scanning rate of min/4KT=#  (approx. 

sKT /07.0=# ) whole s150 . The apparent heating rate observed in the elec-

tron microscope at the time of martensite disappearance of s1  is approxi-

mately   sK /10  or .min/600K  An increase in the scanning rate leads to an 

expansion of the hysteresis loops determined from calorimetric data (Fig. 

45 a) or the temperature range ff AM ·  of a complete transformation cy-

cle (Fig. 45 b) [51]. This in turn limits the action frequency of a SMA-

actuators (Fig. 45 c) to a few hundredths Hz. This frequency is below the 

value of Hz1 , which is claimed in other studies [103]. 

The action frequency of an SMA-actuator [ ]Hztf aa
1-=  is calculated 

from the total time at  required for a complete transformation cycle [63, 

64]: 
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To carry out a complete transformation cycle (action cycle), an SMA-

actuator must be cooled once and heated once through the entire tempera-

ture interval of the transformation )()()( TMTATT ff
### -=D , taking into 

account its expansion (Fig. 45 b): 

TkATA

TkMTM

f

f

Aff

Mff

##

##

Ö+=

Ö+=

)0()(

)0()(
,          (5.5.2) 

where 
Td

TdM
k

Td

TdA
k

f
M

f
A ff #

#

#

# )()(
=-==  are the coefficients of the hyste-

resis expansion to be determined experimentally, )0(fM  and )0(fA  are 

the values extrapolated to )0(T#  (Fig. 45 b). 

The heat balance in a complete transformation cycle of a SMA-actuator 

is described by two terms: One term for its convective cooling in the air 

through a heat radiation surfaceaA , convection coefficients l from a tem-

perature )(TAT f
#=  to a temperature )(TMT f

#= : 

( )
( ) )()(

)()( ' TzqTATc
m

TATMA pMA
fp

a

ffa
ÖD+-Ö=

-ÖÖ
#

##l
       (5.5.3) 

and the second term for its adiabatic heating by means of an electric current 

with amperage I  from a temperature )(TMT f
#=  to a temperature 

)(TAT f
#= : 

  ( ) )()()( '
2

TzqTMTAc
m

tRI AM
ffp

a

a
p

ÖD+-=
ÖÖ ## ,      (5.5.4) 
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Fig. 45. Limitation of the transformation rate due to its own latent transformation 

heat: Hysteresis expansion of the 192 BB ª -transformation with the invariant 

plain of PdatNiatTi %10%40 -- -polycrystals (a) by shifting the transformation 

temperatures (b) when the scanning rate is increased. Action frequencies of differ-

ent SMA actuators (c) with different transformation kind [51]. Comparison of calo-

rimetric (DSC) and dilatometric (DIL) results using the magnetostructural 

fztfzkª -transformations of the CuatMn %9.15- - 100  single crystal (d) with 

very small hysteresis as example. Dilatometric )(TLD - und )(tT -measurement 

curves (e). 

where pc  is the specific heat capacity, am  and aR  are the mass and elec-
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trical resistance of the SMA-actuator. The second terms in the both equa-

tions are the specific latent transformation heats )(' '
0

' zsTq
pp MAMA DÖ=D  

of the exothermic forward transformation and )(' '
0

' zsTq AMAM pp

DÖ=D   of 

the endothermic reverse transformation, where '0T  is the local equilibrium 

temperature of the pMAª' -transformations, 
pMAs 'D  and 

'AM p

sD  are 

the specific (per mass unit) transformation entropies, z is the martensite 

phase fraction. The latent transformation heats are of the same magnitude 

order as the Joule heat in the first terms of these equations. 

This means that both cooling and heating require twice the amount of 

energy and last much longer than cooling and heating a metal body with the 

same parameters, but without a phase change. The latent transformation 

heat is also responsible for the extension of the transformation temperature 

intervals )()( TATM ff
##-  and ( ))()( TMTA ff

##-  in the first terms of equa-

tions (4.5.3) and (4.5.4), which causes a further energy expenditure 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 SMA-actuator (4.5.3) despite the increase in the heating 

and cooling rate (Fig. 45 c) is due to the both factors. 

The example with the transformation caused by the movement of a sin-

gle phase boundary can show which real velocity have the martensitic 

transformations. The velocities are determined from the tL-D -diagrams 

(Fig. 46 a, b) (4.1.3), which correspond to the isostress-isothermal defor-

mation diagrams (Figs. 28 b, 29 b): 

   
1410)21(

)( -- ÖÖ·º
D

=¹ sm
dt

Ld
Bv

M
MM

e
# ,         (5.5.5)  
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where 07.0ºMe  is deformation within the martensite band (Fig. 27 d). 

These velocities vary (Fig. 46 b) from smvc /106 6-Öº  when creeping 

( mm2.0 ) in indifferent equilibrium, smvs /102 4-Öº  under stationary 

conditions ( mm46.1 ) and smvad /101.1 3-Öº  under dynamic (adia-

batic) conditions ( mm85.1 ). 

 
 

Fig. 46. tL-D -diagrams: a - for stationary (Fig. 28 b) and b - for stationary and 

dynamic forward and reverse transformations (Fig. 29 b). 

Even at the relatively high velocity smvad /101.1 3-Öº , at which a 

complete transformation-deformation-cycle takes place in time of stc 50º  

(Figs. 29 c, 46 b), the action frequency does not exceed the value of 

Hzfa 02.0º , what only confirmed the limit values of  Hz)012.0010.0( · , 

determined above  (Fig. 45 c). It can be seen (Fig. 46 a) how the marten-

site boundary is repeatedly slowed down during its stationary movement 

after the ñfastò sections (smvs /102.1 4-Öº ), obviously through local de-

fects or through its own heat in the range mmLmm 17.0 <D<  (Fig. 28 b). 

The question as to whether the discrepancy between the transformation 

finish temperature in the heat measurements and the real (crystallographic) 

transformation end in calorimetry occurs as a method-related fault was 

checked by the dilation measurements [49] (Fig. 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 than 

determined calorimetrically.  

However, there are still doubts about possible methodological artifacts. 

From the dilation measurement curves (Fig. 45 e) it can be seen that the 

change in length (the reaction) always takes place with a time delay com-

pared to the change in sign of the sampling rate (from cooling to heating), 

the time lag being in the range of minutes. 

In the function )(tT  is T  the temperature measured on the surface of the 

dilatometric sample, which is much more massive compared to the calori-

metric one, while )(tLD -function represents the volume response of the 

entire massive sample )105.20.2( 3mmxx  to the temperature change within 

this volume. This time delay is caused by the additional time required to 

achieve temperature equilibrium between the sample surface and the center 

of the solid sample by means of the heat conduction. 

Unfortunately, such a time delay cannot be methodically investigated in 

the calorimeter for much smaller samples (disks with a diameter of 4.0 mm 

and a thickness of 1.0 mm) with 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 to solve by 

means of actuator miniaturization. 

These results, together with those for the isostress-isotherm martensitic 

transformation with a single phase boundary, disprove the thermoelastic 

character of the martensitic transformations of SMAôs, at least for trans-

formation with a smaller hysteresis as those for RB 92ª  in ZnAlCu --  

single crystals, 192 BB ª  with an invariant plain in NiTiX -polycrystals 

and in NiTi  single crystals or fctfccª  in MnCu single crystals. 



180 

 

Intensive investigations aimed at solving the inertia problem of SMAôs 

like [104-108] focus mainly on increasing the action frequency of SMA-

actuators by means of their miniaturization [105], the use of alternative, 

more effective cooling methods, e.g. with the help of thermoelectric Peltier 

elements [106] and the development of new SMAôs, in which the transfor-

mation cannot be controlled by the temperature or stress changes, but by 

changes in the electrical or magnetic field [107]. In this way, frequencies 

up to Hz10  are reported [104].  

Action frequencies of up to Hz100  have theoretically been predicted by 

the miniaturization of SMA-actuators (SMA foils with a thickness of up to 

mm21· ) 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 the trans-

formation velocity is hardly taken into account in any of these studies and 

models. 

Assuming the case that the crystallographic reverse transformation from 

its own heat front is separated as discussed above (Fig. 44) at 
'6.0 AM p

qD , 

so that the action frequency is increased by such a shortening up to Hz100 , 

the heat HzqmQ AM
a

p

1004.0 'ÖDÖ=  accumulates in the SMA actuator. 

The heat leads to 
s

C

cm

Q
T

pa

¯
º

Ö
=D 4000  temperature increase at 

kgJq AM p

/104'=D  (Fig. 15) and gradkgJcCu
p Ö= /102 , i.e. a tempera-

ture increase already after a one action period far above the melting tem-

perature of each SMA-actuator. 

The experimental results presented above show that there is such an in-
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ternal limitation on the transformation rate. An increase 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 entire pro-

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 dual-energetic martensite (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 SMA#s are due to two energetically different martensite 

forms. 

The first form is a martensite macromonodomain mM , which can be 

represented as a whole as a result of the homogeneous martensitic lattice 

shear deformation Mg  of the austenite lattice. The second form is a com-

pletely accommodated ( 0)1( =-= I
aMM kge ) martensite polydomain 

pM , which arises from secondary invariant shifts within a macro-

monodomain (structural accommodation mechanism) and consists of isos-

celes twins each containing a stacking fault. The free energy of such a mar-

tensite polydomain is higher than that of the martensite macromonodomain 

of the same size/mass by the sum of all its stacking fault energies. 

A twin part of the martensite polydomain substructure, as an area with 

the maximal martensitic shear deformation Mg ; in which the shear vector 

Me
C

 does not change its direction, is defined as a martensite mi-

cromonodomain 
m
mM  and is regarded as an elementary part of the marten-

site phase with a stacking fault. The energy range between the energy of a 

martensite macromonodomain and that of a martensite polydomain can be 

quantified into an energy spectrum ä
=

+

m
mM

N

i
iiu

0
1,  by defining the martensite 

micromonodomain with an energy quantum 1, +iiu , where 0=i  applies to 
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the martensite macromonodomain and m
mNi ,...,1=  to all existing marten-

site polydomains with different numbers of micromonodomains 
m
mM

N  or 

with different monodomainization degrees. 

A martensite polydomain has a lower macro symmetry with the same 

micro symmetry of the unit cell, smaller entropy and a free energy higher 

than that of a martensite monodomain by a contribution ),( TzU
pM

sf  from 

stacking fault energy. 

The global equilibrium temperature 0T  is determined by the equality of 

the free energies of the stable austenite A and a martensite macro-

monodomain mM . It is significantly higher than the local equilibrium tem-

perature '0T , which is determined by the equality of the free energies of the 

metastable austenite 'A  and a martensite polydomain pM . The global 

equilibrium temperature 0T  represents a fundamental material quantity, 

while the local equilibrium temperature '0T  is very variable and is influ-

enced by several, primarily metallurgically factors. 

The martensitic mMA­ -transformation in the vicinity of the global 

equilibrium temperature 0T  is prevented by the large elastic energy barrier 

BU , but the austenite 'A  that still exists and has a higher free energy be-

comes metastable in the temperature range '00 TT · . This range is distin-

guished by well-known premartensitic phenomena such as the softening of 

the elasticity modulus, the formation of fluctuating intermediate shear 

structures, pseudoelasticity along the equilibrium line )(0 Ts  defined by the 

Clausius-Clapeyron equation. 

The difference '00 TTT -=D  between the both equilibrium temperatures 
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is determined by the generalized stacking fault energy g as a material con-

stant and the average stacking fault density sfn  of the martensite polydo-

mains, which is strongly dependent on internal stresses. These arise below 

the local equilibrium temperature '' 0TMs<  due to the nucleation when the 

energy barrier 
pmMM

B STU DÖD=  is reduce by the entropy contribution. 

The internal stresses also depend on the rationality of the Miller indices  

)(hkl  of the habit planes of the martensite polydomains and the Schmidôs 

orientation factor jfm coscos Ö=  of the martensitic shear system 

( )[ ]uvwhkl  relative to the external stress axis or the single crystal longitudi-

nal axis [ ]Ahkl . 

The main sources of the elastic stresses and thus the excessive elastic 

energy in the two-phase state are the pMA'  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 incompatibility is minimized by the structural accommodation, 

which consists in the formation of a twin substructure with a stacking fault 

density sfn  within each martensitic polydomain and, in this way, the mar-

tensitic lattice deformation Mg  minimizes to a martensitic deformation Me  

so that the boundary stresses 
'A

yMM G ses <Ö=  are staying in the elastic 

range of the austenite matrix. 

The elastic energy of pMA'  phase boundaries increases the free ener-

gies of metastable austenite and polydomain martensite equally and conse-

quently of the whole two-phase system without affecting the two-phase 

equilibrium. Such an energy increase in the two-phase system causes the 
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necessity of permanent undercooling 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 the pMA'  phase boundaries as the morpholog-

ical accommodation mechanism leads to the coalescence of single variants 

of martensite polydomains to their conglomerates with the pairwise annihi-

lation of the pMA'  phase boundaries and the formation of an internal mar-

tensitic ppMM  polydomain boundary. The elastic energy of the internal 

martensitic boundaries only increases the free energy of the polydomain 

martensite and shifts the two-phase equilibrium to lower temperatures. This 

only happens from a martensite phase fraction about 4.0ºz , in which the 

dominant effect of pMA'  phase boundaries in the balance of elastic ener-

gies changes to dominance of internal martensitic ppMM  polydomain 

boundaries through morphological accommodation.  

The coalescence of the martensite polydomains causes a complete redis-

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 energy of the martensite and shifts the two-phase equilibrium to higher 

temperatures. 

The interaction of the structural and the morphological accommodation 

results in a complex redistribution of the elastic energy in the two-phase 

system, which is modeled as a power function )342()( 32 zzzzu +-=  of 

the martensite phase fraction. Analysis of this function reveals three areas 

of increase in the martensite phase fraction: The unstable acceleration area 

16.00 <<z  of autocatalytic nucleation, the almost linear area 
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74.016.0 <<z  of rapid increase between the maximum at 16.0=z  and the 

minimum at 74.0=z  of the elastic energy, and the area 174.0 <<z  of 

slowed increase. In the third area, the last ever 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 

ppMM  polydomain boundary into two pMA'  phase boundaries. The 

analysis shows that the main thesis of the thermoelasticity model about the 

storage of elastic energy, what is probably meant is the energy of pMA'  

phase boundaries in austenite, corresponds only very general and very con-

ditional to real redistribution of the elastic energy of the pMA'  phase 

boundaries, of  the internal martensitic ppMM  polydomain boundaries 

and of the twin boundaries (stacking faults) and their simultaneous inten-

sive dissipation in the entire two-phase range. The driving forces designat-

ed as non-chemical nchf  and dissipative disf  cannot be separated analyti-

cally in the balance of the driving forces )289( 2 +-Ö=+ zzKff eldisnch   

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 trajectory )('0 zT  

and the transformation trajectory )(Tz  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 different martensite forms 

ï 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 width of the martensitic pMAª' -transformations ï explains in the 

simplest possible way the most phenomena known in SMAôs. It has also 

been adequately proven in a lot of illustrious experiments. 

Experimental methods and procedures are described, which are particu-

larly suitable for the SMA-investigations and substantiate the postulates of 

the CODEM. Experimental data for many SMAôs are presented. They 

show the maximal exploitation of both the method possibilities through 

suitable broad aim setting and experiment planning as well as the meas-

urement results through their analysis and calculation of all derived param-

eters. 

Measurement of acoustic emission (AE  measurement method) is only 

one method that is suitable for direct registration of energy dissipation. The 

AEmeasurement curves show that the annihilation of pMA'  phase bound-

aries makes the largest contribution to the AE-intensity, i.e. to the dissipa-

tion of the elastic energy. The AEmethod 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 (melting) SMAôs and is used to specify the composition during 

melting. 

Resistometry is also a simple and most widely used method for directly 

recording the transformation hysteresis ),( zTR  and determining the char-

acteristic transformation temperatures. The linear temperature dependence 

of the electrical resistance within the transformation temperature ranges, 

however, distorts the loop of the thermal hysteresis and must be taken into 

account at the determination of the transformation temperatures. This 
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method is also well suited for studies of mechanical hysteresis at the qua-

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 excluded when 

analyzing measurement curves )( ,ctRs  and )( ,, fpqRe . 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 characteristic transformation 

temperatures for the certification of SMAôs. This certification is also 

worthless, because the transformation temperature range depends linear on 

the scanning rate when measuring the latent transformation heat. 

The calorimetrically determined thermal hysteresis loops )(Tz  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 internal hysteresis in partial thermal cy-

cles. These investigations show the presence of a latent hysteresis between 

two lines of local equilibrium in SMAôs with large transformation hystere-

sis. The equilibrium temperature trajectory deviate at 4.0>z  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 to C̄100  higher than those of the martensitic polydomains. 
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The martensite monodomainization in several action cycles leads to the 

degradation of the memory properties of SMA-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-

time heating above the temperature 
AM

f
AM

f

mp

ACAT ­¯+= 100'
 of the 

reverse AM m­ -transformation without damaging the entire device and 

without impairing other mechanical properties of the SMA-actuator 

through this heat treatment. 

The true plastic deformation of martensite increases the reverse trans-

formation temperatures up to the activation temperature ma TT 4.0º  of the 

multiplication and movement of dislocations (e.g. approx. C̄300  for Cu-

based SMAôs with the melting temperature KTm 1360= ). This allows the 

two stabilization mechanisms clearly to separate and shows that the true 

plastic deformation does not play a role in martensite stabilization either in 

thermal- or in stress-induced transformations and transformation cycles. 

It was also calorimetrically determined and confirmed by the isostress-

isothermal transformation with a single phase boundary that even the basis 

of the thermoelasticity model, the thermoelastic behavior, i.e. control of the 

martensite growth and shrinkage by temperature changes or the proportion-

ality between the martensite phase fraction and the latent transformation 

heat )()( TqTz ´  are not true in any case for the SMAôs with a small trans-

formation hysteresis. The lattice reverse transformation can detach itself 

not only from its own latent heat front, but even from its own twin sub-

structure, as the TEM-images also show, and finishes faster on your own. 
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Spontaneous length changes )(TLD  depending on the temperature of 

non-stressed and non-textured SMA-samples in the two-phase temperature 

range are recorded directly as hysteresis loops with a help of the dilatome-

try method. The dilation is caused by the non-accommodated martensitic 

deformation in the elasticity range of the austenite. This measuring method 

is the only one that offers the possibility to determine the accommodation 

degree ak , but without separately determining the contributions of the 

structural and morphological accommodation. The accommodation degrees 

achieved by the two accommodation mechanisms are calculated from the 

measured dilatations de  and vary in the range of 750.0997.0 ²² ak  in all 

investigated SMAôs, so that the spontaneous dilatation remains in the elas-

tic range ydd G ses <Ö<  even with the minimal determined accommoda-

tion degree. 

The tension-compression deformation method is particularly informa-

tive when investigating the mechanical quasiplastic, pseudo- and ferroelas-

tic hysteresis and its interior in partial deformation cycles. Nevertheless, 

this method is seldom used in experimental investigations. It is apparently 

because the tensile and compression specimens are subject to different 

normative requirements for their design. However, the application of these 

standards to the SMA-specimens is not absolutely necessary because of the 

much smaller mechanical stresses than at the usual standard tests and can 

be bypassed with the simplest means. 

A number of new knowledges have been ascertained in this process: The 

independence of the mechanical hysteresis from the temperature at the 

transition from pseudoelasticity to ferroelasticity, affinity of ferroelastic 

and ferromagnetic hysteresis, the orientation dependency of mechanical 

hysteresis, the liquid-like ferroelastic behavior of the single crystal speci-
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mens with the orientation axis 
2

100
B

 of the slight deformation, the equi-

librium stress line constfp =)( ,0 es  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 thermo-induced 

polyvariant polydomain martensite only takes place through the complete 

cycles of the ferroelastic deformation and not through the quasiplastic de-

formation, as it shows the RPM-effect in partial cycles of the first compres-

sion deformation with two yield points and flow lines. The martensite mac-

romonodomain transforms back to the austenite AM m­  at elevated tem-

peratures. This provides one of the experimental existence proofs of the 

mMAª -transformations, the thermodynamic parameters of which could 

even be determined calorimetrically.  

The thermo-induced martensitic RB 92ª -transformations with a sin-

gle phase boundary under constant load in ZnAlCu --  single crystals 

show the characteristics of the 
mMAª -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 transformation temperatures has also been proven experimentally. 

The martensite stabilization in Cu-based SMAôs, which leads to the expan-

sion of the pseudoelastic and ferroelastic hysteresis loops during aging, is 

caused by diffusion of stoichiometrically excess non-equilibrium vacancies 

to the stacking faults in the polydomain martensite. The expansion of the 

thermal hysteresis loop in irradiated NiTi -SMAôs 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 density in the martensite phase due to 

the ferroelastic deformation cycles or also in the single martensite 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 martensite stabilization in the sense of increasing its reverse trans-

formation temperatures in the temperature range '00 TT ·  corresponding to 

the changing in the stacking fault density 10 ¢¢ sfn . This explains RPM-

effects (Return Point Memory) in partial cycles of ferroelastic deformation 

and in partial cycles of thermo-induced reverse transformations (also 

known as the SMART effect or TAME). 

Many of the experimental results obtained so far on the SMAôs can no 

longer be explained by the thermoelasticity model, and some even directly 

contradict its main postulates. The quantifying concept of dual-energetic 

martensite (CODEM), on the other hand, has been thoroughly proven ex-

perimentally and provides comprehensive and plausible explanations for 

most of the known shape memory phenomena. 
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8 Appendix: Practical applications of SMAôs 

8.1  Article to the German and international patent: "Composite 

fabric with memorv metal and its applications" 

 

DE 195 29 500 C2, EP 961 12 965 A2, 289265449 US.  

Registration date: 08/10/1995. 

Inventor : Dr. V. Prieb and H. Steckmann. 

Patent holder: company ñ1st Memory Alloys GmbHò 

 

Abstract: 

Object of the invention: The invention relates to a composite fabric with 

memory metal (memory fabric) as well as applications thereof in medicine, 

aeronautics and space technology, one of the applications, namely the mas-

sage device, being equally suitable for fitness purposes at home. 

Applications: Passive press and support bandages, active gradient systems 

and massage 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, which leads to compression. 

The TiNi  memory wires are incorporated into an elastic material and are 

heated by the electrical current. The wires with the starting temperature 

( sM ) of the martensitic forward transformation below C̄30  can be used 

for pressure bandages. This means that short-term heating above the finish 

temperature ( fA ) of the martensitic reverse transformation ensures perma-

nent compression. 

The wires with the finish temperature ( fM ) of the martensitic forward 

transformation above C̄30  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 means of the 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 insufficiency 

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 measure (Fundamentals of Phlebology ï 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 edema of mmHg)6020( · , 

depending on the compression class. In the device-based compression ther-

apy, more or one-chamber 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 the lymphedema treatment by 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 on and 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 cuff (so-called gradient 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 inpatient treatment. 

The compression bandages and gradient systems proposed and patented 

by us with pressure-exerting 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 principle 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 meander-shaped 

metal springs incorporated between these layers. The springs made of TiNi  

shape memory wires are wound into a meander on a bending form (Fig. 1). 

To keep them in this high temperature shape, they are briefly heated up to 

C̄700  by a current impulse. The length of the current impulse can be set 

between s)101( · . After the meanders have been removed from the bending 

form, they are trained to the two-way memory effect through a few thermal 

cycles under a constant load. 

+ -

D

d

 

L

l 2d

D

 

Fig.1. Bending 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 meanders are 

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 provided with a zip or Velcro fastener to enable them to 

be attached to the body. 

The finished bandage is stretched at a temperature fMT< . The mean-

ders are in the martensitic state. The deformation takes place at low exter-

nal stresses because the quasiplastic yield point of the martensite is very 

small. This allows the bandage loosely putting on and taking off. 

Three variations of bandages differ depending on how they work and on 

the transformation temperatures of the shape memory wires. They can be 

viewed as passive and active press systems. The passives are activated by 

the body temperature CTb ¯º37  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 electronic device. 

Passive pressure bandages 

If the entire transformation hysteresis loop of the memory wire is below 

the skin temperature CTCT b ¯º<¯º 3730  (Fig. 1 a), the pressure band-

age is activated immediately after the application of edema. The compres-

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 temperature fM , e.g. by spraying with a coolant. 

Since the meanders were trained for the two-way effect during their 



209 

 

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 

the temperature fM  is not so low that the cooling becomes uncomfortable 

or dangerous for the body. 

Z

0 30 T°C

a b c
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f

M
s
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s

A
f  

a

b

F

L  
Fig. 2. Hysteresis loops of memory wires 

for three types of bandages. 

Fig. 3. Deformation diagram of 

memory meanders. 

The transformation temperatures can be selected so that there is between 

the starting temperatures of the forward sM  and reverse sA  transformations 

(Fig. 2 b). In this case, heating above the temperature fA   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 coolant below the temperature fM . 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 temperatures hT  within the temperature range 

fhs ATA << . 

2. The memory wires made of a TiNi  two-component alloy with the 

normal transformation hysteresis width of C̄· )3025(  can be used, where-

by the take-off-temperature of the bandage is still under C̄15 . 
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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-

ages do not differ in principle and can be used as permanent bandages 

(sleeves). 

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 constant (Fig. 3 a) during the continuous long 

time treatment and reducing the edema and thus the pseudoelastic marten-

sitic deformation or only sinks slightly (Fig. 3 b). 

The pressure of a conventional elastic bandage with an initial contact 

force 0F  and an elasticity coefficient elk  on a cylindrical swelling with an 

initial radius 0R  is calculated using Laplace's law: 
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During the reducing the edema, the radius is reduced so that 01 RR <  is. 

The contact force decreases linearly. The pressure change is in the result 

negative: 
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It is characteristic of the memory meanders made of TiNi  that the force 

exerted remains constant (Fig. 3 a) while their length ( LD ) is reduced or 

decreases linearly only slightly with a very small coefficient (Fig. 3 b). 

The total change in length of a bandage can reach values of 

)%20050( · , depending on the meander shape. The shape is optimized ac-

cording to the required contact pressure and deformation (swelling size). 
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Active bandages as gradient systems 

The third variant of pressure bandages differs fundamentally from the 

first two in terms of their functionality. All transformation temperatures are 

above bT , i.e. fb MT ¢ . The memory meanders are electrically connected to 

each other in such a way that they can be switched on in a certain order and 

heated by current impulses. The electronic control system allows to set 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 lymphedema. 

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 is possible by short-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 German and international patent: "Electrical break 

protection with memory insert"  

 

DE 19851311 A1, EP 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 invention: A new electrical fuse with a self-breaking insert 

made from a memory alloy (memory self-breaking fuse). Here, an insert 

made of a Cu-based memory alloy that is particularly suitable for electro-

technical purposes is installed in a fuse body of a simplified construction. 

Area of application: The fuse properties, above all the high escape speed of 

the fractions and low triggering temperatures, are particularly suitable for 

protecting the V42 -DC electrical system in future cars, where the risk of 

arcing is particularly high if the power is interrupted. 

 

State of the technique and problem definition 

With the change at the car manufacturers to the electrical V42  direct 

current on-board network, a serious security problem arises, because the 

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 electrical on-board net-

work fuses. The most serious disadvantages of fuses are (1: W. Knies, K. 

Schierack. Elektrische Anlagetechnik: Kraftwerke, Netze, Schaltanlagen, 

Schutzeinrichtungen / München; Wien: Hanser, 1991): 

¶ Switching off in the event of a critical current only takes place after 

the melting temperature of the conductor material of the fuse insert 
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has been reached ( C̄1080  for Cu), which leads to a longer total 

switch-off time. 

¶ When the insert melts, an arc is created which leads to the metalliza-

tion of fuse components and enables a residual current to pass 

through.  

¶ The high operating temperature of the fuse, which depends on the 

cross-section of the fuse insert calibrated to the nominal current, 

leads to an increase in the temperature of the entire electrical net-

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. 

¶ The small gap between the melted parts when using a fuse can lead to 

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 or high voltage fuse with a 

breaking insert made of a memory alloy for use in electronics and electrical 

engineering in electrical systems for their arc-free disconnection in the 

event of thermal loads, overload and short-circuit currents, which have the 

following advantages: 

Å Reduction of the release temperature to C̄· )30060(  thanks to a new 

functional principle. 

Å Prevention of arcing through the high velocity (escape velocity) with 

which the insert fragments move away from each other after the fuse 

has been triggered or the insert has broken. 
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Å Reduction of the total release time by a factor of )53( ·  due to a low 

release temperature and the high breakage or escape velocity. 

Å Elimination of the thermal and mechanical stress that leads to the de-

struction of fuse components if an electric arc occurs. 

Å Significant simplification and cheaper construction of the fuse by dis-

pensing with a ceramic body, seals and additional or separate contact 

blades and the indicator. 

Å Avoidance of the occurrence of an electric arc by a much larger dis-

tance of the insert fragments from one another after the fuse has 

tripped, whereby this maximal distance can be up to %98  of the dis-

tance between the contact bases or fastening points of the insert. 

Å Significant reduction in the operating temperature or the heating tem-

perature of the entire electrical system. 

Å Reduction of the current density in the insert by increasing the cross 

section of the insert, which, in contrast to fuses, does not increase the 

melting time and does not lead to the creation of a stable arc. 

Å An automatic improvement of the electrical contact of the insert at the 

fastening points by mechanical self-tensioning of the memory insert 

when heating due to the current passing through the insert or the for-

mation of sparks when the contact is loosened. 

Å Possibility of setting time/current-characteristics through a correspond-

ing selection of the composition of the memory alloy for the insert, the 

cross section of the insert, the martensitic "detent deformation" 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 use of Cu-based 

alloys with memory properties as a material for the production of break in-

serts in electrical fuses (2: V. Prieb, H. G. Steckmann, L. Neganov. Elektri-

sche Bruchsicherung mit Memory-Einsatz und dafür geeignete Memory-

Legierungen. Offenlegungsschrift DE 198 51 311 A1 vom 18.05.2000 bzw. 

Europäische 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 range fs AA ·  of the martensitic reverse transformation, by 

the martensitic low-temperature deformation is spontaneously reversed [3: 

V. Prieb, HG Steckmann. Shape memory alloys and their applications, 

computer animation, ñ1st Memory Alloys GmbHò, 1998]. 
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Fig. 1. Development of the 

internal stress from the tem-

perature in a memory break 

insert. 

Fig. 2. A melting fuse and a break protection with a 

S-shaped memory insert in operating state (a) and 

after the triggering (b). 

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 martensitic 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 specimen breaks 

itself. Figure 1 shows this behavior by means of a real )( T-s -diagram 

experimentally measured on a break insert. The temperature in C̄  and the 

internal stress developed in the memory break insert in Megapascals 

( 226 /1.0101 mmkgmNMPa =Ö= - ) are plotted on the x -and y -axes. 

The stress increases almost linearly when the temperature increases 

within the temperature range Bf TTA << . The martensitic reverse trans-

formation of the unloaded sample ends at this temperature fA . At the 

breaking temperatureBT , the internal stresses reach the breaking limit Bs  

of the memory material, so that the hard-fastened memory insert breaks at a 

marked predetermined breaking point. 

Memory insert of the electrical break protection 

Figure 2 (left) shows a cross-section of an NH-fuse according to DIN 

43620, which consists of a ceramic body (30), a fuse insert (12) with a per-

foration (40), two contact blades (10), an indicator (80) and a sand filling 

(11). Figures 2 a and b show a break protection device with a memory in-

sert (4) in an embodiment for rated currents A)30010( ·  and rated voltages 

V)5005( ·  [2]. The memory insert is attached to the fuse bases with two 

screws (5). The fuse also consists of a body (3), which can be made of a 

heat-resistant plastic and does not need to contain any sand filling or an in-

dicator, as well as two contact blades (1). 

Figure 3 shows an electrical break fuse particularly suitable for the V42  

on-board network for rated currents of A)505( ·  [2]. The insert can be in-

tegrated with both ends (Fig. 3 a, left) as a contact knife, either as a plug 

directly into a two-column 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 heated to a temperature 

below the break temperature (BT ). 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 (Fig. 1). 

 
Fig. 3. A U -shaped memory break insert of an electrical fuse for the  

V42  on-board network: a - operating mode, b and c - fractions after trig-

gering by the overload or short-circuit current (arrows 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 temperature BT  (Fig. 

1) above the finish temperature of the martensitic reverse transformation 

fA  in an adjustable time. The internal mechanical stress develops in the 

memory break insert (Fig. 2 or 3) up to its own breaking point Bs . 

This triggers the fuse due to the breaking the memory insert and accord-

ingly switches off the overload or short-circuit current. After the triggering, 

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 insert [2], which are also suitable for protecting the V42  
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vehicle electrical system and are based on the same functional principle. 

  
Fig. 4. Memory break insert (a) as a 

thin tape that rolls up into two rolls 

(b) after the triggering. 

Fig. 5. Memory break insert (a) as a 

thin band that folds up to form two 

harmonica (b) after triggering. 

Here an amorphous memory tape (4) is attached to an insulating pad (6) 

under the contact blades (1). After the release, the straps roll into two rolls 

(Fig. 4 b) or fold into two harmonica (Fig. 5b) at the fastening points. This 

leads to an even greater distance between the fractions, up to the distance 

between 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 vessel (Fig. 5, 7). 

Automatic protection of the electrical contact 

The electrical contact at the fastening points (Fig. 2 a, b, 5) 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 temperature range fs ATA <<  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 slightly tensioned 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 deformation (4: V. Prieb, H. G. Steck-

mann. Verbundgewebe mit Memory-Metall und Anwendungen hiervon. Of-

fenlegungsschrift DE 195 29 500 A1 vom 13.02.97 bzw. Europäische Pa-

tentanmeldung EP 0 761 188 A2 vom 12.03.97 Patentblatt 1997/11) until 

the gap at the loosened contact 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 automatically re- strengthened and 

secured. This method of automatic protection of electrical 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 insert (index E) breaks, the elastic energy stored in it 

is released in a very short time, just like a released spring. This breaking 

time Bt  of approx. sm5  is determined by the crack length (the insert thick-

ness) and the crack velocity. The escape velocity Bv  of the insert fractions 

can be calculated as follows: 

BEBel vmtF Ö=Ö , EEEEEBel LSmSF ÖÖ=Ö= rs ; ;      (8.2.1)  
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where elF  is the elastic force, Em  is the mass of the insert, ES  is the 

cross-sectional area of the insert, Er  is the density of the memory alloy 

and EL  is the length of the insert between the two attachment points. The 

maximal escape time, during which an arc can occur or be extinguished 

corresponds to the acceleration of the fractions of approx. g400  ( g  is the 

gravity acceleration) and is: 
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      svLt BEL 0025,0/5,0 ºº ,          (8.2.3) 

The heating time from the temperature fs AAT <=  to the breaking 

temperature BT  in the case of a short circuit (under the adiabatic condi-

tions ï without taking heat dissipation into account) can be calculated as 

followed: 

)(2
sB

E
pEEEhs ATcLStRI -ÖÖÖ=ÖÖ r ,       (8.2.4) 

where ( )[ ]CTkRR BTC ¯-+= ¯ 20120  is the electrical resistance of the insert 

at the breaking temperature, Tk  is the temperature coefficient of the electri-

cal resistance, sI  is the short-circuit current and Epc  is the specific heat ca-

pacity of the insert. For a nominal current of A100  (a current that does not 

lead to the fuse breaking under constant load) and a 200-fold short-circuit 

current, the following heating time results (all estimates have been made 

for memory insert on Figure 2): 
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It can be seen that the total switch-off time, even with such a large rated 

current and in the case of a short circuit, is not limited by the escape time 

but by the heating time and is approx. ms10  (8.2.5). In the case of an over-

load current, the total switch-off time is limited by an even greater heating 

time, which can be calculated from the differential heat balance equation: 
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where E
pc  and  M

pc  are the specific heat capacities of the memory insert 

and the medium (air or fuse body, if it comes into direct contact with the 

insert), Em  and Mm  are the masses of the memory insert and the medium, 

EMa  is the coefficient of heat transfer between the insert and the medium, 

WES  is the heat transfer area of the insert, T  is the variable temperature of 

the insert which must reach the breaking temperature BT  in a certain heat-

ing time ht , MT  is the medium temperature. 

Control of the nominal current and the total switch-off time 

The parameters of the electrical fuse such as the current heat impulse ï 

an important variable for the short-circuit shutdown of electrical protective 

devices, which is known as the Joule integral [1]: 
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1
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22 ,         (8.2.7)  

the rated current NI , the rated or breaking temperature BT  and the total 

switch-off time or the heating time ht  can be determinate, as can be seen 

from the previous calculations, through the temperature fA  (the finish 

temperature of the martensitic reverse transformation), the cross-sectional 

ES  area and the length EL  of the memory insert (i.e. through its shape), 

the breaking temperature BT  (the composition of the memory alloy and the 

heat treatment). The breaking temperature depends on the breaking point 
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Bs  of the memory insert and the slope coefficient 
dT

d
kT

ss=  of the internal 

stress with the temperature increasing (Fig. 1). The heating time should 

also be long enough, to avoid the triggering or the insert breaking due to 

the overload current when switching on and off. 

The breaking point can be varied by coating the insert at the predeter-

mined breaking line with a chemically active alloy. The coefficient sTk  can 

be influenced by the martensitic "detent deformation": the greater the "de-

tent deformation", the faster the internal stress increases with the tempera-

ture increase. The "detent deformation" 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 shape in the martensitic 

state at room temperature, while the high-temperature 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 when the 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 (heat transfer surface, contact surface with the fuse body) and the 

design of the fuse (heat transfer through the current contacts), the fuse 

body and the contact base. 

Time/current -diagrams and their influence 

Figures 6 a-d show time/current characteristics according to DIN VDE 

0636. On the logarithmic x - 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 made of Cu-based SMA with dif-

ferent compositions or transformation temperatures, cross-sections, "detent 

deformations" and with different perforation coefficients of the fuse body 

as the ratio of the area of ventilation holes to the total area of the fuse body. 

 
 

  
Fig. 6. Experimental time/current characteristics for the -shaped memory inserts in 

the break protection device (Fig. 2 b, c): a ï with a cross-section  of memory 

alloys with different transformation temperatures  (  increases from left to 

right); b ï from the same memory alloy, with the same cross-section of , but 

with different martensitic "detent deformations": 1 ï 8%, 2 ï 5%, 3 ï 3%, 4 ï 1%; c ï 

made of the same memory alloy, with the same "detent deformation", but with differ-

ent cross-sections ( ): 1 ï 5.0, 2 ï 5.5, 3 ï 6.0, 4 ï 6.5, 5 ï 7.0, 6 ï 7.5, 7 ï 8.0; d ï 

from the same memory alloy, with the same cross section of , but with different 

perforation coefficients of the fuse body: 1 ï 10%, 2 ï 20%, 3 ï 30%. 

The time/current characteristics signpost the developed and investigated 

break protectors with break inserts made from -based SMAs with differ-

ent compositions or different transformation temperatures, with different 

cross-sections, with different "detent deformations" and with different per-








































































































































