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1 uvoD

Legure koje pamte oblik pripadaju grupi inteligentnih
materijala s velikim potencijalom za primenu u
inteligentnim konstrukcijama i sistemima [2,11]. Efekti
pamcéenja oblika i efekat superelasti¢nosti Cine ove
materijale razli¢itim od ostalih materijala koji se
primenjuju u inZenjerskoj praksi. Ovi neuobicajeni
makroskopski efekti, koji su rezultat promene kristalne
strukture materijala, prouzrokovani su martinzitnom i
reverzibilnom (povratnom) transformacijom.

Pomenuti makroskopski efekti registrovani su kod
legura razli€itog sastava. Prema svojoj komercijalnoj
primeni, legure sa svojstvom pamcenja oblika dele se na
tri grupe: legure s komercijalnom primenom i serijskom
proizvodnjom (Ni-Ti; Ni-Ti-Cu; Cu-Zn-Al), legure koje su
na pragu komercijalne proizvodnje (Cu-Al-Ni; Fe-Mn-Si) i
legure koje, pored obavljenih naucnih istrazivanja,
ispoljavaju odredeni potencijal za primenu, ali se
karakteriSu  velikom  krutoSéu odnosno  njihova
proizvodnja je priliéno teSka (Ni-Al; Ni-Ti-zZn) [9]. Nikl-
titanijumske legure ispoljavaju mnoge prednosti koje
doprinose tome da se one najceSée Kkoriste u
komercijalne svrhe. Ove legure poseduju sposobnost
pamcenja velikog procenta povratnih dilatacija (i do 8%).
One su stabilne pri ciklickom tretmanu s termic¢kim i
mehani¢kim opterecivanjem, imaju izvanrednu otpornost
na koroziju i veliku duktilnost. Legure bakra, u poredenju
s nikl-titanijumskim  legurama, ispoljavaju manju
sposobnost za povratne deformacije (od 4 do 6%) iimaju
smanjenu otpornost na koroziju, ali zbog niske cene

Asist., mr, Univerzitet Sv. Cirilo i Metodije, Gradevinski

fakultet, Skoplje, R. Makgdonija, todorov@gf.ukim.edu.mk
Prof. dr, Univerzitet Sv. Cirilo i Metodije, Gradevinski

fakultet, Skoplje, R. Makedonija, once@gf.ukim.edu.mk

ORIGINALNI NAUCNI RAD
ORIGINAL SCIENTIFIC PAPER
UDK: 669.018.27 = 861

1 INTRODUCTION

Shape memory alloys belong to the group of
intelligent materials with a high potential of application to
intelligent structures and systems [2, 11]. The shape
memory effect and the effect of super elasticity make
these materials different from the remaining materials
that are applied in engineering practice. These unusual
macroscopic effects are the result of the change of the
crystal structure of the material, caused by martensite
and reversible transformation.

These macroscopic effects have been observed at
different alloys composition. According to their
commercial use, shape memory alloys are divided into
the three main groups: alloys that are commercially used
and produced in assembly line production (Ni-Ti; Ni-Ti-
Cu; Cu-Zn-Al), alloys that are on the threshold of
commercial production (Cu-Al-Ni; Fe-Mn-Si) and alloys
that, according to the performed scientific research,
show a certain potential for use but are characterized by
either great brittleness or quite difficult production (Ni-Al;
Ni-Ti-Zn) [9]. Nickel-titanium alloys exhibit a great
number of superior characteristics that contribute to their
most frequent commercial use. These alloys have the
ability of memorizing a high percentage (even up to 8%)
of reversible strains. They are stable under cyclic
treatment with thermal and mechanical loads, highly
resistant to corrosion and characterise with a great
ductility. Copper based alloys compared with the nickel-
titanium ones show lower capability regarding reversible
strains (4 to 6%) and are less resistant to corrosion, but
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proizvodnje, konvencionalnog metalurgijskog procesa
proizvodnje i Sirokog opsega transformacijskih
temperatura sve viSe se zamenjuju Ni-Ti legurama za
odredene primene.

Legure koje pamte oblik predstavijaju relativno novu
grupu materijala, ¢ija se primena u gradevinarstvu, kao
jedne od najkonzervativnijih oblasti u tehnici, postepeno
namec¢e u poslednjih deset godina, uz najnovije
spoznaje iz istrazivanja u ovoj oblasti [4, 5, 7 i 13].
Jedinstvene karakteristike SMA — kao Sto su veliki
kapacitet priguSenja, moguénost velikih povratnih
napona i dilatacija, sposobnost samocentrisanja i
izvanredna otpornost na koroziju — &ine ove materijale
pogodne za primenu u sistemima pasivnog i aktivhog
upravijanja konstrukcija, kao inteligentna sredstva za
vezivanje s pobudivadima, senzorima, kao materijali za
prednaprezanje i spoljasnje pritezanje, materijali koji se
koriste za sanacije itd.

2 OSNOVNA SVOJSTVA LEGURA SA SVOJSTVOM
PAMCENJA OBLIKA

Termin Shape memory alloys — SMA objedinjuje
grupu metala sa sposobnoSc¢u vra¢anja na prethodno
definisane forme — oblik ili geometrije, kada su izlozeni
odredenom termomehani¢kom tretmanu. Na mikronivou,
materijal menja mikrostrukturu. Na makronivou, to se
odslikava preko dva karakteristicha efekta: efekta
pamcenja oblika i efekta superelasti¢nosti. Zavisno od
kristalne strukture, legura koje pamti oblik moze povratiti
zaostale — plasticne deformacije ako se posle
rastereCenja izlaze procesu zagrevanja (efekat
jednosmernog pamcenja oblika) posle resterecenja, ili se
moze vratiti na prvobitni nedeformisani oblik u procesu
opterec¢enja i rastereéenja, iako je prethodno doZivela
relativno velike nelinearne deformacije (nekad i do 18%).

2.1 Kiristalografska struktura i fazna transformacija

Legure koje pamte oblik, u zavisnosti od stanja
kristalne strukture, moze da se sretne u dve razliCite
stabilne faze: austenitna i martenzitna. Karakteristi¢no,
austenitna faza je stabilna na niskim temperaturama i pri
niskim naponima, dok je martenzitna faza stabilna na
niskim temperaturama i pri visokim naponima. Osim
toga, martenzitna faza moze se sresti u dve razliGita
varijante: sjedinjene ili razdvojene martenzitne faze
(twinned, detwinned martensite). S druge strane,
austenitna faza zauzima samo jednu formu, uz teznju da
postane ¢vrS¢a i jaca. Fazna promena ovih legura
deSava se kada se materijal nalazi u ¢vrstoj fazi,
odnosno pri temperaturi koja je znatno niza od tacke
topljenja materijala. 1z tog aspekta, fazna transformacija
uobi¢ajeno se naziva transformacija od tvrde do tvrde
(solid-to-solid transformation).

Na relativno visokim temperaturama, legura koja
pamti oblik je u austenitnoj fazi, koju karakteriSe kubna
kristalna struktura, pri ¢emu svaki atom pamti susedni.
Sa hladenjem, kristalna reSetka se transformiSe u
sjedinjene martenzitne s monokliniéhom kristalnom
strukturom. Promena kristalne strukture iz austenitne u
martenzitnu fazu jeste takozvana martenzitna
transformacija. PoSto je Zeljeni oblik definisan kada je
materijal u austenitnoj fazi, ova faza ¢esto se smatra

due to the lower cost of production, the conventional
metallurgic process of production and wide range of
transformation temperatures, they are increasingly
replacing the Ni-Ti alloys in certain applications.

Shape memory alloys represent a relatively new
group of materials, whose application in civil
engineering, as one of the most conservative
engineering fields, has gradually been imposed for the
last ten years, following the latest knowledge gained
from the investigations in this field [4, 5, 7, and 13]. The
unique characteristics of SMA: high damping capacity,
high level of stress and strains recovery, re-centring
capabilities, and high corrosion resistance make these
materials appropriate for application in systems for
passive and active structural control, as smart
connectors, actuators, sensors, as materials for
prestressing and external posttensioning, materials for
retrofit applications, etc.

2 BASICS OF SHAPE MEMORY ALLOYS

The term shape memory alloys - SMA refers to a
group of metallic materials, which have the ability to
return to their predefined form, shape or geometry if
exposed to an appropriate thermo-mechanical treatment.
At micro level, the material changes its crystal lattice. At
macro level, this is reflected by two characteristic effects:
the shape memory effect and the effect of
superelasticity. Depending on the state of the crystal
structure, shape memory alloys can recover residual
plastic deformations if subjected to a heating process
(one-way shape memory effect) after unloading, or can
return to the initial shape in the process of loading and
unloading despite the previously experienced relatively
large (sometimes up to 18%) nonlinear deformations.

2.1 Crystallographic structure and phase
transformation

Depending on the state of the crystal structure,
shape memory alloys can be found in two different
stable phases: austenite and martensite. Typically, the
austenite phase is stable at high temperatures and low
stresses while the martensite phase is stable at low
temperatures and under high stresses. Moreover, the
martensite phase can be found in two different variants:
twinned or detwinned martensite. On the other hand, the
austenite phase only takes on a single form and tends to
be harder and stronger. Phase transformation of these
alloys occurs at solid state of the material, i.e., at a
temperature, which is quite lower than the melting point
of the material. For this reason, phase transformation is
usually called solid-to-solid transformation.

At relatively high temperatures, a shape memory
alloy is in its austenite phase, characterized by a cubic
crystal structure, whereat each atom remembers its
neighbour. With cooling, the crystal lattice is transformed
into twinned martensite with monoclinic crystal structure.
The change of the crystal structure from austenite to
martensite phase is called martensite transformation.
Since the desired shape is defined when the material is
in the austenite phase, this phase is often referred to as
the natural stage. The transformation from austenite to
martensite phase occurs through a displacive process,
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prirodnim  stanjem. Transformacija austenitne u
martenzitnu fazu javlja se zbog proklizavanja koje ipak
ne podrazumeva makroskopske promene oblika uzorka
(9).

Martenzitna transformacija moze biti uzrokovana
promenom temperature (hladenje), ili nanoSenjem
spoljasSnjeg opterecenja (promena unutrasnjih napona).
Ako se posle zavrSetka martenzitne transformacije
poveCa temperatura, martenzitna faza postaje
nestabilna. Ova pojava rezultira vracanjem kristalne
reSetke u prirodnu fazu, odnosno u originalnu
konfiguraciju. To se naziva reverzibilna (povratna)
transformacija. (sl.1).

which does not imply, however, macroscopic changes in
the shape of the specimen [9].

Martensite transformation can be induced by the
change of temperature (cooling) or application of an
external load (change of internal stresses). If there is a
temperature increase after the completion of the
martensite  transformation, the martensite phase
becomes unstable. This results in the return of crystal
lattice into it natural phase, i.e. original configuration.
This process is called reversible transformation, Fig.1.

Reversible
transformation
Martensite
transformation : '
' T
(CCVN
- f \ 7 /
Twmned_ Me Ms  As Ar Austenite
martensite

Slika 1. Sematski prikaz martenzitne i reverzibilne transformacije
Figure 1. Schematic presentation of martensite and reversible transformation

Legura koja pamti oblik u nenapregnatom stanju,
karakteriSe se sa Cetiri temperature transformacije:
temperatura pocetka martenzitne transformacije Ms
(struktura materijala pocinje da se transformirSe iz
austenitne u martenzitnu fazu), temperatura na kraju
martenzitne transformacije Mg (celokupna struktura se
nalazi u martenzitnoj fazi), temperatura pocetka
reverzibilne transformacije As (struktura materijala
pocinje da se transformiSe iz martenzitne u austenitnu
fazu) i temperatura na kraju reverzibilne transformacije
Ar (cela struktura je u austenitnoj fazi).

Temperatura transformacije, koja moze biti u prili¢éno
Sirokom opsegu, pretezno zavisi od sastava
(kompozicije) i proizvodnje legure, ali moze biti zavisna i
od drugih faktora kao Sto su atomski red, unatrasnji
naponi, defekti u kristalnoj reSetki, itd.

2.2 Termomehaniéko ponaSanje

Kao rezultat termoelasti¢ne martenzitne
transformacije, zavisnost napon—dilatacija kod legura s
pomcenjem oblika jeste nelinearna. Pored toga, ona je
histerezisna i s velikim kapacitetom povratnih nelinearnih
deformacija. Na makroskopskom nivou, transformacija
kristalne strukture, kao mikroskopska pojava, ispoljava
se preko dva efekta, koji su karakteristicni samo za
materijale  koji pamte oblik. To su efekat
superelasti¢nosti i efekat paméenja oblika.

2.2.1 Efekat superelasti¢nosti
Efekat superelasti¢nosti se javlja ako se kristalna

struktura materijala nalazi u austenitnoj fazi. Martenzitna
transformacija moze biti inicirana ili promenom

In a stress-free state, a SMA is characterized by four
transformation temperatures: the temperatures at the
start of the martensite transformation Ms, (the material
structure starts to transform from austenite to
martensite), the temperatures at the completion of the
martensite transformation Mg (the whole structure is in
the matensite phase), the temperature at the start of the
reversible transformation As (the material structure starts
to transform from martensite to austenite) and the
temperatures at the completion of the reversible
transformation Ar (the whole structure is in the austenite
phase).

The temperatures of transformation, that can range
quite widely, mainly depend on the composition and
processing of the alloy, but also on other factors such as
the atomic order, internal stresses, defects in crystal
lattice, etc.

2.2 Thermo-mechanical behaviour

As a result of the thermo-elastic martensite
transformation, the stress-strain relationship of shape
memory alloys is nonlinear, hysteretic and with a great
ability for reversible nonlinear deformations. At
macroscopic level, the transformation of the crystal
structure as a microscopic phenomenon is reflected
through two effects that characterize shape memory
materials. These are: effect of superelasticity and the
shape memory effect.

2.2.1 Effect of superelasticity

The superelastic effect takes place when the crystal
structure of the material is in the austenite phase. The
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unutradnjih  napona pri  konstantnoj temperaturi
(izotermalni proces), ili s promenom temperature za
konstantan nivo unutraSnjeg naprezanja (izobarni
proces), Sto je prikazano na sl. 2.

Detwinned
martensite O%G

M,

martensite transformation can be initiated either by the
change of internal stresses at constant temperature
(isothermal process) or by the change of temperature at
constant level of internal stresses (isobaric process), Fig.
2.

-
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Slika 2. Sematski prikaz faze promena za izobarnu i izotermalnu martenzitnu transformaciju
Figure 2. Schematic presentation of phase change at isobaric and isothermal martensite transformation

U izotermalnom procesu, martenzitna transformacija
pocinje u momentu kada intenzitet spoljasSnjih napona
dostigne vrednost sys, a kompletno se zavrSava s
naprezanjem Sy;. Za ovakvu transformaciju, struktura
materijala prelazi u razdvojenu (detwined) martenzitnu
varijaciju. Ukoliko se u ovom stanju materijal rasterecuje,
za napon sas pocinje transformacija iz martenzitne u
austenitnu fazu koja se zavrSava pri naponu sa. Za
kompletno rastereCenje materijala, zbog promena
unutrasnje strukture gube se sve deformacije koje su se
dogodile — materijal se vra¢a u poc¢etno, nedeformisano
stanje. Zavisnost napon-dilatacija za superelasti¢no
ponaSanje aksijalno napregnutog elementa u austenitnoj
fazi, prikazana je na sl. 3. a.

U procesu opterecivanja i rasterecenja, zbog razlike
izmedu napona Swr i Sas, kao i izmedu napona Sws i Sar,
nivo napona pri prelasku iz martenzitne u austenitnu
fazu (sas® saf) manji je od nivoa napona koji odgovaraju
prelasku iz austenitne u martenzitnu fazu (Sws® Swr), pri
¢emu se javlja razlika u deformacijama energije za
opterecivanje i rasterec¢ivanje. Ova dovodi do formiranja
histerezisnog efekta u kojem se disipira odredena
koli¢ina ulazne energije bez pojava zaostalih plasti¢nih
deformacija. Intenzitet temperature pri opterecenju i
rastereéenju utiCe na intenzitet napona transformacije,
medutim, forma histerezisnih petlji u principu se ne
menja.

Efekat superelasticnosti moze biti prouzrokovan
promenom unutraSnje temperature materijala za
konstantni nivo unutraSnjih napona. Ukoliko se materijal
nalazi u austenitnoj fazi i izloZi se konstantnom naponu,
manjem od napona na pocetku martenzitne
transformacije, tada ¢e se on joS uvek nalaziti u
austenitnoj fazi. Ako u ovom stanju po¢ne smanjivanje
temperature, u stanju kada unutraSnja temperatura
dostigne vrednost Ms®, dolazi do termicki inicirane

In an isothermal process, the martensite
transformation starts at the moment when the intensity of
internal stresses reaches the value of sws, and is
completely finished at stress sur. At such transformation,
the structure of the material gets into detwinned
martensite variation. If, in this state, the material is
unloaded, at stress sas, there starts the transformation
from martensite to austenite phase that ends at stress
sar. At complete unloading of the material, due to the
change of the inner structure, all the experienced
deformations are lost and the material returns to the
initial non-deformed state. The stress-strain relationship
during superelastic behaviour of an axially loaded
element in the austenite phase is shown in Fig. 3a.

In the process of loading and unloading, due to the
difference between stresses sur and sSas, as well as
between stresses sus and sar, the level of stress at the
transition from the martensite to the austenite phase
(sas® saf) is lower than the stress level at the transition
from the austenite to the martensite phase (Sus® Swi),
whereat there occurs a difference in the deformation
energy for loading and unloading. This leads to a
hysteretic effect during which a certain quantity of input
energy is dissipated without occurrence of residual
plastic deformations. The temperature intensity at
loading and unloading has an influence upon the
intensity of the transformation stresses; however the
form of the hysteretic loop does not change, in principle.

The effect of superelasticity can also be caused by
the change of the inner temperature of material at
constant level of internal stresses. If the material is in the
austenite phase and is exposed to constant stress,
which is lower than the stress at the beginning of the
martensite transformation, then it will still be in the
austenite phase. If in this state, there starts a decrease
in  temperature, a thermally initiated martensite
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martenzitne transformacije. Martenzitna transformacija i
u tom sluCaju karakteriSe se razvojem velikih
makroskopskih dilatacija transformacija, &iji razvoj se
zavrSava kada temperatura dostigne vrednost Mg
Kasnije hladenje na temperaturama nizim od
temperature na kraju martenzitne transfomacije, dovodi
samo do pojave termoelasti¢nih dilatacija skupljanja,
proporcionalnih koeficijentu linearnog Sirenja/skupljanja
materijala u martenzitnoj fazi. Dilatacije transformacije
nekoliko desetina puta su vece od termoelasti¢nih
deformacija za istu temperaturnu razliku. Za poveéanje
temperature, dok dostigne temperaturu pocetka
reverzibilne transformacije As®, nastaju termoelasti¢ne
dilatacije Sirenja. Posle prekoraéenja ovih temperatura,
pocinje proces reverzibilne transformacije koja se
reflektuje razvojem transformacionih dilatacija skupljanja
koje se zavrSavaju na temperaturi A (sl. 3.b).
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transformation will take place in conditions when the
inner temperature reaches the value of Ms®. Also in this
case, the martensite transformation is characterized by
the development of large macroscopic deformation
strains, whose development ends when the temperature
reaches the value of Mg®. Further cooling temperatures
lower than the temperature at the end of the martensite
transformation leads only to occurrence of thermo-elastic
shrinkage strains that are proportional to the coefficient
of linear spreading/shrinkage of the material in the
martensite phase. The transformation strains are several
tens of times higher than the thermo-elastic
deformations for the same temperature difference. At
increase of temperature up to the achievement of the
temperature at the beginning of the reversible
transformations As®, thermo-elastic expansion strains
take place. After the exceeding of such temperature,
there starts the process of reversible transformation,
which is reflected through the development of
transformation shrinkage strains that end at temperature
of A:®, Fig. 3.h.
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Slika 3. Karakteristi¢ni dijagrami: a) napon-dilatacija za izotermalni i b) dilatacija-temperatura za izobarni proces
superelastic¢og ponaSanja
Figure 3. Characteristic diagrams: a) stress-strain at isothermal process and, b) strain-temperature at isobaric process of
superelastic behavior

2.2.2 Efekat promene oblika

Efekat promene oblika se javlja kada se materijal na
radnoj temperaturi nalazi u martenzitnoj fazi. Ukoliko se
u ovom stanju on napregne do odredenog nivoa, sli¢no
kao i kod ostalih duktilnih materijala, dolazi do pojave
plasti¢nih deformacija koje ostaju i posle kompletnog
rastere¢enja. Karakteristicno za legure s pamdcenjem
oblika jeste to Sto ukoliko se u ovako deformiranom
nenepregnutom stanju materijal izlaze termickom
tretmanu s povecanjem temperature, menja se njegova
unutrasnja struktura i iz martenzitne prelazi u austenitnu
fazu. Ovaj prelaz karakteriSe se  potpunom
reverzibilnoS¢u  (povratnoS¢u) zaostalih  plastiénih
deformacija, koja se zadrzava i posle ponovnog
hladenja, odnosno transformacije iz austenitne u
martenzitnu fazu (sl. 4). Proces pri kojem materijal pamti
svoju prirodnu formu u austenitnoj fazi poznat je kako
jednosmeran efekat pamcéenja oblika.

2.2.2 Shape memory effect

The shape memory effect takes place when the
material is in the martensite phase under working
temperature. If, in this state, it is stressed to a certain
level, similar to the remaining ductile materials, the
material suffers plastic deformations that remain even
after complete unloading. For the shape memory alloys,
it is characteristic that, if in such deformed non-stressed
state, the material is exposed to thermal treatment by
increase of temperature, its inner structure changes from
martensite to austenite phase. Such transition is
characterized by complete reversibility of the residual
plastic deformations, which is maintained also after re-
cooling, i.e., transition from austenite to martensite
phase, Fig. 4. The process during which the material
memorizes its natural form in the austenite phase is
referred to as one-way shape memory effect.
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Slika 4. Fazna promena i karakteristi¢ni dijagram napon—dilatacija pri pojavi efekta pamcenja oblika
Figure 4. Phase change and characteristic stress-strain diagram at the occurrence of shape memory effect

Uzrok pojave efekta paméenja oblika jeste
termoelastiéna martenzitna transformacija kristalne
strukture. Naime, pri smanjenju temperature, kristalna
struktura transformiSe se iz austenitne (prirodne faze) u
spregnutu (twined), martenzitnu fazu, pri ¢emu se na
makroskopskom nivou u materijalu ne beleze nikakve
znaCajne promene. S mikroskopskog glediSta, pri
martenzitnoj transformaciji, slobodne povrsine materijala
formiraju fine reljefne strukture. Ukoliko se pri ovakvom
stanju materijal deformiSe (zatezanje, pritisak, savijanje,
torzija), kristalna struktura prelazi u razdvojenu
(detwined) martenzitnu varijaciju i kod materijala se
javlja vidljiva deformacija koja ostaje i posle prestanka
dejstva spoljasSnjeg opterecenja.

3 POLIGONALNI HISTEREZISNI MODEL ZA
SIMULIRANJE EFEKTA SUPERELASTICNOSTI

Vazan preduslov za uvodenje legura sa svojstvom
pamcenja oblika u proces projektovanja jeste razvoj
konstitutivnih modela kojima se reprodukuje slozeno
makroskopsko ponaSanje materijala. lako se u literaturi
mogu pronaci brojni materijalni modeli kojima se
uspesSno simulira ponaSanje legura koje pamte oblik pri
dejstvu ciklicnog opterec¢enja [1, 3, 10], deo njih moze
biti dosta slozen i tezak za implementaciju u postojece
kompjuterske kodove. S tim ciljem, razvijen je novi
histerezisni model za opisivanje efekata
superelasti¢nosti pri ciklichom aksijalnom opterecenju
[12]. Saglasno svojoj prirodi, ovaj model svrstava se u
grupu poligonalnih histerezisnih modela s promenljivom
tangentnom krutoScu.

Definisani model omogucuje zadovoljavajuce
simulacije procesa ciklicnog optereéenja i rasterecenja
zategnutog elementa. U modelu je pretpostavljeno da je
negativna grana, kojom se definiSe ponaSanje na
pritisak, simetri¢na s pozitivnom, pri ¢emu se za njeno
opisivanje koriste iste materijalne konstante. Ukoliko se
eksperimentalnim  ispitivanjem  pokaze da su
karakteristi€ne vrednosti na pritisak razli¢ite od vrednosti
pri zatezanju, moguée je definisanje asimertiCne
histerezisne petlje uz primenu istih konstitutivnih relacija.
Naravno, s tim ciliem potrebno je definisanje sedam
novih materijalnih konstanti koje vaze za pritisnuti deo.

The reason for the occurrence of the shape memory
effect is in the thermo-elastic martensite transformation
of the crystal structure. Namely, in the case of the
decrease of temperature, the crystal structure is
transformed from austenite (natural phase) to ,twinned“
martensite phase, whereat the material does not suffer
any significant change at macroscopic level. From
microscopic ~ viewpoint, during the  martensite
transformation, a fine relief structure is formed on the
free surface of the material. If in such state, the material
is deformed (tension, compression, bending, torsion),
the crystal structure passes over to a ,detwinned®
martensite variation whereat the material undergoes
visible deformations that remain even after termination of
the external load effect.

3 POLYGONAL HYSTERETIC MODEL FOR
SIMULATION OF SUPERELASTICITY EFFECT

An important prerequisite for the introduction of
shape memory alloys in the design process is the
development of constitutive models able to reproduce
the complex material macroscopic behaviour. Although
in literature there are a large number of material models
that successfully simulate the behaviour of shape
memory alloys under the effect of cyclic loads [1, 3, 10],
some of them can be quite complex and difficult for
implementation in the existing computer codes. For that
purpose, a new hysteretic model has been developed to
describe the superelasticity effect under cyclic axial
loads [12]. According to its nature, this model belongs to
the group of polygonal hysteretic models with variable
tangent stiffness.

The defined model enables a satisfying simulation of
the process of cyclic loading and unloading of tensile
elements. In the model, it is assumed that the negative
branch, which defines the behaviour under compression,
is symmetrical with the positive one, whereat the same
material constants are used for its description. If the
corresponding experimental investigation proves that the
characteristic values under compression are different
from the values under tension, it is possible to define an
asymmetric hysteretic loop by application of the same
constitutive laws. Certainly, for that purpose, it will be
necessary to define seven new material constants that
will hold for the part referring to compression.
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3.1 Definicija materijalnih modela

Opisivanje zavisnosti napon—dilatacija u
predlozenom materijalnom modelu zasniva se na sedam
materijalnih  konstanti, dobijenih  eksperimentalnim
ispitivanjem (sl. 5).
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3.1 Definition of material model
The description of the stress-strain relationship in the

proposed material model is based on material constants
obtained by experimental tests, Fig. 5.
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Slika 5. Zavisnost napon—dilatacija pri superelastic(nom ponaSanju
Figure 5. Stress-strain relationship at superelastic behaviour

Ulazni parametri za definisanje materijalnih modela
jesu dva karakteristit(na modula elasti¢nosti  u
austenitnoj i martenzitnoj fazi Ea i Ew, Cetiri
transformaciona napona: napon na pocetku i na kraju
martenzitne transformacije sms i Smr, Naponi na pocetku
i na kraju austenitne transformacije sas i Sar, i dilatacije
pri kraju martenzitne transformacije eve.

Ostali parametri potrebni za difinisanje zavisnosti
napon—dilatacija, modul transformacije, dilatacije na
poCetku martenzitne i reverzibilne transformacije i
dilatacije na kraju austenitne transformacije, mogu se
izraGunati pomocu prethodno definisanih konstanti:

Input parameters for definition of the material model
are the two characteristic modulus of elasticity in the
austenite and martensite phase Ex and Ewm, the four
transformation stresses: the stresses at the beginning
and at the end of the martensite transformation suys and
Swr, the stresses at the beginning and at the end of the
austenite transformation sas and sar, and the strain at
the end of the martensite transformation eue.

The remaining parameters that are necessary for
definition of the stress-strain relationship, the modulus of
transformation, the strains at the beginning of the
martensite and reversible transformation and the strain
at the end of the austenite transformation, can be
computed by means of the previously defined constants:

E :SMF'SMS . E :SAS'SAF 1)
AM ) MA
€wr - Cus €as ~ €ar
_Swms — Swme ™ Sas _Sar
Cus = ; €5 = Cyr ; €\ = 2
EA EM EA

Veza izmedu napona i dilatacija u predlozenom
modelu definisana je promenom tangentnog modula
elasti¢nosti za postupak cikliénog opterec¢ivanja s
kontrolom deformacija. To podrazumeva da je istorija
promene dilatacija poznata, a potrebno je da se dobije
istorja promene napona. Prirast dilatacija jednak je
razlici dilatacija dva susedna koraka.

De=e¢ -
Ako je ova vrednost pozitivha, registruje se
optere¢ivanje, dok se u suprothom registruje -—
rastereCivanje.

Prirast napona dobija se kao proizvod tangentnog
modula elasti¢nosti i prirasta dilatacija, dok ¢e se
vrednost napona dobiti ukoliko se na prethodnu vrednost
napona doda proracunati prirast:

Ds =E,

The stress-strain relationship in the proposed model
is defined by the variation of the tangential modulus of
elasticity for the procedure of cyclic loading at control of
deformations. This means that the history of variation of
strains is known and it is necessary to obtain the history
of variation of stresses. The increase of strains is equal
to the difference of strains in two successive steps.
€.,

©)

If this value is positive, a loading process occurs. In
the opposite case, there is an unloading process.

The increase of stresses is obtained as a product of
the tangential modulus of elasticity and the strain
increase, while the stress value is obtained by adding
the computed increase to the previous stress value.

xDe “
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S, =

Na taj nacin, problem opisivanja zavisnosti napon—

dilatacija svodi se na odredivanje trenutnog tangentnog

modula elastiénosti. Radi njegovog lakSeg definisanja,

zavisnost napon-dilatacija podeljena je na tri grane (sl.

6), pri ¢emu je tangentna krutost svakog od njih
definisana odgovaraju¢im relacijama.

s, +Ds (5)

Thus, the problem of describing the stress-strain
relationship is reduced to defining the current tangential
modulus of elasticity. Due to its easier definition, the
stress-strain relationship is divided into three branches,
Fig. 6, whereat the tangent stiffness of each of these is
defined by corresponding relationships.
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Slika 6. Karakteristiche grane zavisnosti napon—dilatacija
Figure 6. Characteristic branches of the stress-strain relationship

Deo | (O, A) definiSe stanje napona i dilatacija kada
se materijal nalazi u potpunoj austenitnoj fazi -

€< €,.. Za ovaj deo, pri opterecenju i rastere¢enju,
tangentni modul jednak je austenithom modulu
elasticnosti - E; = E, .

Deo Il (A, B, C, D) predstavija glavnu histerezisnu

petlju, pri €emu se vrednost dilatacija nalazi u podrucju
izmedu dilatacija na kraju austenitne faze i dilatacija na

kraju martenzitne faze, t. — €, <€< €. Pri
potpunom opterecenju i rasterecenju, tangentni modul
jednak je modulu karakteristiénom za svaku fazu: deo
(A.B), E; =E,:;deo(B,C), E; =E,,; deo(C,D),
E; =E, ;deo (D, A), E; =E,,,.

Ukoliko vrednost dilatacija, pri optereCenju i
rastereéenju, prevazide vrednost dilatacija na kraju
martenzitne transformacije € > €,,- , tada se zavisnost
nalazi u delu I, pri ¢emu je tangentni modul jednak
modulu martenzitne faze - E; = E,.

Opisane relacije vaze za proces opterecenja i
rastereéenja, pri ¢emu se odvija celokupna martenzitna,
tj. celokupna reverzibilna transformacija. Za ovakav
proces, vrednosti napona i dilatacija kre¢u se po
granicama glavne histerezisne petlje
(O,B,C,E,D,A 0).

Ukoliko pri procesu optereCivanja ne otpocne i
rasterecivanje, pre nego Sto vrednosti dilatacija dostigne
vrednost na  kraju martenzitne transformacije

€ys <€<€,, formira se nova tzv. sekundarna
histerezisna petlja (sl. 7).

Part | (O, A), defines the stress-strain state when the
material is in complete austenite phase, €< €, . For

this part, during loading and unloading, the tangential
modulus is equal to the austenite modulus of elasticity,

E, =E,.
Part 1l (A, B, C, D) represents the main hysteretic
loop, whereat the value of the strains is in the range

between the strain at the end of the austenite phase and
the strain at the end of the martensite phase, i.e.,

€, <€<e€,e. During the complete loading and
unloading, the tangential modulus is equal to the
modulus characteristic for each phase: part (A, B),
E; =E,; pat B.C), E; =E,,; pat (C, D)
E; =E,;pat(D A, E; =E,,.

If the value of the strains during loading and
unloading exceeds the value of the strain at the end of
the martensite transformation € >€,,., then the

relationship is in part Ill, whereat the tangential modulus
is equal to the modulus in the martensite phase,
E,=E,.

The described relationships hold for the process of
loading and unloading whereat complete martensite, i.e.,
complete reversible transformation is performed. For
such process, the values of stresses and strains range
within the boundaries of the main hysteretic loop
(O,B,C,E,D,A 0).

If in the process of loading, one starts with unloading
prior to reaching the strain value at the end of the

martensite transformation, €,,5 < €< €,,., a new, the
so called secondary hysteretic loop is formed, Fig. 7.
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Slika 7. Sekundarna histerezisna petlja pri rasterecenju
Figure 7. Secondary hysteretic loop at unloading

Od pocetka rastereéenja (tatka F), pa sve dok
naponi ne dostignu vrednost na pocetku austenitne

transformacije S <S ,g (tacka F’), tangentni modul

mozZe se sracunati kao procentualno u¢eSée austenitnog
i martenzitnog modula, u zavisnosti od dostignute
vrednosti dilatacija u momentu kada poc¢ne rastereéenje.

From the beginning of the process of unloading
(point F) until the stresses reach the value at the

S <S g
(point F’), the tangential modulus can be computed as
percentage of participation of the austenite and

martensite modulus, depending on the reached value of
strains at the moment of unloading.

beginning of the austenite transformation

E: =E, =x>E,, +(1- X)X, (6)

gde je: where:

Se
& - =

X = A 7 O<x<1 (7

e .+ SE-Sas Si

AS
Ewv E.

U momenti kada napon S =S ,4 otpoCne proces

reverzibilne transformacije, pri ¢emu zavisnost S | €
produzava da se kre¢e po grani F’, A:

ET

Sliéne relacije vaze i ukoliko pri rastereéenju, kada
se materijal nalazi u delu reverzibilne transformacije

(D, A), za dilatacije €, <€ <€,5, zapocinje proces
opterecivanja (sl. 8).
1

Il
SIS

£
[WEE]
CFak

_Sg-
€. -

At the moment when stress s =s there starts

AS"’
the process of reversible transformation whereat

relationship S , € continues to follow the F’, A branch:

S AF

®

€ar

Similar relationships hold also if, during the process
of unloading, when the material is in the part of

reversible transformation (D, A), for straine,. <e <e,q,
there starts the process of loading, Fig. 8.
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Slika 8. Sekundarna histerezisna petlja pri opterecenju
Figure 8. Secondary hysteretic loop at loading
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Tangentni modul, od pocetka optereéivanja (tacka
F), pa sve dok naponi ne dostignu vrednost koja se javlja

na pocetku martenzitne transformacije S <S |5 (tacka

F’), dobiée se kao kombinacija modula u austenitnoj fazi
i modula u martenzitnoj fazi (Eq.6). | u ovom sluéaju,
uéeSce martenzitnog dela moze se sracunati prema
relacijama datim u jednacini 7.

Prilikom optereéivanja, kada naponi dostignu
vrednost napona na pocetku martenzitne
transformacijaS = S (tacka F), zapocinje
martenzitna transformacija, pri ¢emu je tangentna
krutost jednaka:

ET

Ova zavisnost vazi sve dok dilatacija ne dostigne
vrednost koja odgovara kraju martenzitne transformacije

€ =€y, pri Cemu materijal pocinje da se ponaSa u

kompletnoj martenzitnoj fazi S tangentnim
modulomE, =E,,.
3.2 Numeri€ka simulacija

Definisani histerezisni model iskoriS¢en je za

simulaciju nekoliko karakteristi¢nih slucajeva cikli¢nog
opterecenja pod dejstvom aksijalnog pritiska i zatezanja.
Dobijeni rezultati numeri¢ke simulacije uporedeni su s
rezultatima dobijenim iz izvedenih eksperimentalnih
ispitivanja, kao i s nekim ostalim materijalnim modelima.

Prvi razmatrani primer predstavlja simulaciju procesa
parcijalnog ciklicnog opterecenja i potpunog rastere¢enja
(sl. 9i 10), pri €emu se vrednosti napona naizmeni¢no
menjaju od pritiska u zatezanje, i obratno. Drugi primer
predstavlja proces kompletnog opterecenja i parcijalnog
rastere¢enja (sl. 11 i 12), tako Sto su u prvih sedam
ciklusa dilatacije pozitivhe (zatezanje), dok su u narednih
sedam ciklusa negativne (pritisak). Dobijeni rezultati
uporedeni su s numericki dobijenim rezultatima Fugazza
[6]. Tre¢i razmatrani primer predstavlja parcijalno
opterec¢enje i parcijalno rasterecenje, pod pritiskom i
zatezanjem. Rezultati analize prikazani su s tri
karakteristiCcna dijagrama, ulazna istorija dilatacija,
prora¢unata istorija napona i zavisnost napon—dilatacija.

The tangential modulus, from the beginning of
loading (point F) until the stresses reach the value at the
beginning of the martensite transformation s <s,

(point F’), will be obtained as a combination of modulus
in the austenite phase and modulus in the martensite
phase (Eqg. 6). Also in this case, the participation of the
martensite part can be computed according to the
relationship given in Eq.7.

In the process of loading, when the stresses reach
the value at the beginning of the martensite
transformation s =s,. (point F), there starts the

martensite transformation, whereat the tangential
stiffness is equal to:
-Sg

©)
- €

This relationship will hold until the strains reach the
value corresponding to the end of the martensite

transformation € = €, , whereat the material starts to

behave in complete martensite phase with a tangential
modulus E; =E,,.

3.2 Numerical simulation

The defined hysteretic model has been used for
simulation of several characteristic cases of cyclic
loading under the effect of axial compression and
tension. The results obtained from the numerical
simulation have been compared with the results
obtained from performed experimental investigations as
well as with some other material models.

The first considered example represents simulation
of the process of partial cyclic loading and complete
unloading, Fig. 9 and Fig. 10, whereat the values of
stresses are alternately changed from compression into
tension and vice versa. The second example represents
a process of complete loading and partial unloading, Fig.
11 and Fig. 12 so that, in the first 7 cycles, the strains
are positive (tension), while in the next 7 cycles, they are
negative (compression). The obtained results have been
compared with the numerical results obtained by
Fugazza [6]. The third considered example represents a
process of partial loading and partial unloading under
compression and tension. The results from the analysis
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Slika 9. Ulazna istorija dilatacija i sracunata istorija napona u slué¢aju parcijalnog opterecenja i kompletnog rasterecenja,
primer 1
Figure 9. Input history of strains and computed history of stresses in the case of partial loading and complete unloading,
Example 1
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Slika 10. Sracunata zavisnost napon-dilatacija i poredenje s rezultatima dobijenim u [6], primer 1
Figure 10. Computed stress-strain relationship and comparison with the results obtained by Fugazza [6], Example 1
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Slika 11. Ulazna istorija dilatacija i sra¢unata istorija hapona za slu¢aj kompletnog opterecenja i parcijalnog rasterecenja,
primer 2
Figure 11. Input history of strains and computed history of stress in case of complete loading and partial unloading,
Example 2
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Slika 12. Srac¢unata zavisnost napon—dilatacija, primer 2, poredenje s rezultatima dobijenim u [6]
Figure 12. Computed stress-strain relationship, Example 2, and comparison with the results obtained by Fugazza [6]

Numeri¢ka analiza za prva dva primera sprovedena
je za isti modul elastinosti u austenitnoj i martenzitnoj
fazi. Vrednosti materijalnih karakteristika usvojene su
prema podacima datim u referenci [6] i iznose:
EAa=Em=40000 MPa, evr=7.2%, suws=500MPa,
Sur=600MPa, sas=300MPa, sar=200MPa.

S ciliem da se prikaze funkcionisanje histerezisnog
modela i za materijale s razli¢itim deformacijskim
karakteristikama u austenitnoj i martenzitnoj fazi, u
tre¢em primeru usvojeni su razli¢iti moduli elasti¢nosti za
dve karakteristicne faze: EA=60000 MPa,
Ev=20000 MPa, euw=6%, sms=500MPa, smr=600MPa,
sas=300MPa sar=200MPa (sl.13 i 14).

are presented by three characteristic diagrams, input
history of strains, computed history of stresses and
stress-strain relationship.

Numerical analysis of the first two examples has
been carried out for the same modulus of elasticity in the
austenite and martensite phase. The values of the
material characteristics have been adopted according to
the data given in reference [6] and amount to:
EA=Em=40000 MPa, evr=7.2%, suws=500 MPa,
Swr=600 MPa, sas=300 MPa, sar=200 MPa.

To present the functioning of the hysteretic model
also for material with different deformation characteri-
stics in the austenite and martensite phase, in the third
example, different modulus of elasticity have been
adopted for two characteristic phases: Ea=60000 MPa,
Enm=20000 MPa, eur=6%, sms=500 MPa, sur=600 MPa,
Sas=300 MPa sar=200 MPa, Fig.13 and Fig.14.
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Slika 13. Ulazna istorija dilatacija i sradunata istorija napona u slu¢aju kompletnog opterecenja i parcijalnog rasterecenja,
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Figure 13. Input history of strains and computed history of stress in the case of partial loading and partial unloading,

Example 3
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Slika 14. Srac¢unata zavisnost napon—dilatacija, primer 3
Figure 14. Computed stress-strain relationship, Example 3

Definisani materijalni model koriS¢en je za numeri¢ku
simulaciju rezultata, dobijenih u eksperimentalnim
ispitivanjima nikl-titanijjumske Zzice pre¢nika 1.49 mm.
Materijal je proizvod Nitinol Devices & Components [8],
dok su rezultati eksperimentalnih i numerickih testiranja
preuzeti iz [6]. Iz analize eksperimentalnih zavisnosti
(krive)  dobijenih za celokupno opterecenje i
rastereéenje, za numeri¢ku simulaciju usvojene su
sledeée karakteristike: Ea=50000MPa, En=16000MPa,
ewr=8.2%, sms=520MPa, swr=600MPa, sas=260MPa
sar=160MPa, (sl. 15 16).

The defined material model has been used for
numerical simulation of the results obtained from the
experimental testing of nickel-titanium wires with a
diameter of 1.49mm. The material has been produced by
Nitinol Devices & Components [8], while the results from
the experimental and numerical testing are taken from
Fugazza [6]. From the analysis of the experimental curve
obtained at complete loading and unloading, the
following characteristics have been adopted for the
numerical simulation: ExA=50000 MPa, Ew=16000 MPa,
evr=8.2%, sus=520 MPa, sur=600 MPa, sas=260 MPa,
sar=160 MPa, Fig.15 and Fig.16.
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Slika 15. Poredenje eksperimentalnih i numericki dobijenih kriva, pri ukupnom opterecenju i rastereéenju
Figure 15. Comparison between the experimentally and numerically obtained curve at complete loading and unloading
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Slika 16. Poredenje eksperimentalnih i numericki dobijenih kriva, pri cikliénom opterecenju i rastereéenju
Figure 16. Comparison between the experimentally and numerically obtained curve at cyclic loading and unloading

4 ZAKLJUCAK

Legure sa svojstvom paméenja oblika pripadaju grupi
inteligentnih materijala s velikim potencijalom za primenu
u inteligentnim konstrukcijama i sistemima. Efekat
pamcenja oblika i efekat superelasti¢nosti stvaraju
legure sa svojstvom pamcenja oblika, veoma razli¢ite od
ostalih materijala koji se primenjuju u inZenjerskoj praksi.
Neuobicajeni makroskopski efekti koji se manifestuju
rezultat su promene kristalne strukture materijala,
prouzrokovane martenzitnim i reverzibilnim
transformacijama.  Fizicko-mehani¢ke  karakteristike
legura sa svojstvom pamcenja oblika kreéu se u Sirokim
granicama i zavise od kontrole procesa dobijanja tih
legura, procentualne zastupljenosti komponenata u
legurama, prisustva treceg elementai sl.

PredloZeni originalni histerezisni model za opisivanje
efekata superelasti¢nosti pri  cikliénom aksijalnom
opterecCivanju svrstava se u grupu poligonalnih
histerezisnih modela s promenljivom tangentnom
krutoS¢u. Taj model odlikuje niz prednosti, kao Sto su:
jednostavan algoritam za proracun; lako definisanje
potrebnih materijalnih parametara pomodu
jednoaksijalnog testa na pritisak ili zatezanje; razliCite
elasti¢ne karakteristike u austenitnoj i martenzitnoj fazi;
moguénost simulacije razli¢itih uslova optereéivanja pri
ciklicnom opterecenju; laka implementacija u nekom od
otvorenih softverskih kodova.
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REZIME

NOVI POLIGONALNI HISTEREZISNI MODEL ZA
SIMULIRANJE EFEKTA SUPERELASTICNOSTI
LEGURA SA SVOJSTVOM PAMCENJA OBLIKA

Koce TODOROV
Svetlana PETKOVSKA ONCEVSKA

Termin legure koje pamte oblik odnosi se na grupu
inteligentnih materijala (Shape memory alloys — SMA) i
objedinjuje grupu metala sa svojstvima vra¢anja u
prethodno definisanu formu, oblik ili geometriju, kada su
izlozeni odredenom termomehani¢kom  tretmanu.
Jedinstvene karakteristike SMA — kao Sto su: veliki
kapacitet  priguSenja, moguénost velikih  povratnih
napona i dilatacija, samocentrirajuéa moguénost i
izvanredna otpornost na koroziju — &ine ove materijale
pogodnim za primenu u sistemima za pasivno i aktivho
upravijanje (control) konstrukcija i za naucna
istrazivanja. U ovom radu, izlozene su opSte
karakteristike legura sa svojstvom paméenja i najvaznije
fizicko-mehaniCke karakteristike najéeSce koriSéenih
komercijalnih legura.

Definisanje materijalnog modela za numeri¢ku
simulaciju superelasticnog odgovora legura koje pamte
oblik veoma je znaCajno za njihovo matemati¢ko
modeliranje. S tim ciljem, razvijen je novi, originalni
poligonalni  histerezisni model s  promenljivom
tangentnom  krutoS¢u, kojom se opisuje efekat
superelasticnosti  u  slu€aju ciklicnog aksijalnog
optereéenja.

Model ima niz prednosti, kao Sto su: jednostavni
algoritam za proraun, lako definisanje potrebnih
materijalnih parametara za jednoaksijalan test na pritisak
ili zatezanje, razliCite elasticne karakteristike wu
austenitnoj i martenzitnoj fazi, mogucénost simuliranja
razli¢itih uslova za ciklicno optereéivanje, laka
implementacija u neki od otvorenih softverskih kodova.

Kljuéne reéi: legure sa svojstvom pamcéenja oblika,
superelasti¢nost, histerezisni model.
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SUMMARY

NEW POLYGONAL HYSTERETIC MODEL FOR
SIMULATION OF SUPERELASTICITY EFFECT OF
SHAPE MEMORY ALLOYS

Koce TODOROV
Svetlana PETKOVSKA ONCEVSKA

The term shape memory alloys (SMA) refers to the
group of metallic materials that demonstrate the ability to
return to the same predefined shape or size when
exposed to an appropriate thermal procedure. The
unique characteristics of SMA, i.e., the high damping
capacity, the high level of stress and strains recovery,
the re-centring capabilities and the high corrosion
resistance make this material attractive for scientific
research. This paper shows the general characteristics
of the shape memory alloys and the main physical-
mechanical properties of the most frequently used
commercial alloys.

Definition of a material model for numerical
simulation of the superelastic response of shape
memory alloys is very important for their mathematical
modelling. For that purpose, a new original polygonal
hysteretic model with variable tangent stiffness has been
developed for description of the superelasticity effect in
the case of cyclic axial loading

The model has a number of advantages as are the
simple algorithm for computation, the easy definition of
the necessary material parameters by means of a
uniaxial compressive or tension test, the different elastic
characteristics in the austenite and martensite phase,
the possibility of simulation of different loading conditions
at cyclic loading and the easy implementation in some of
the open software codes.

Key words: shape memory alloys, superelasticity,
hysteretic model.
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