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Abstract

Shape memory alloys (SMA), because of their unique mechanical characteristics and shape memory
effect (SME), have been widely used as force and displacement actuators in many figtas§io et

al, 1990]. Intheindustrial applications, itis necessary not only to calculate the mechanical response of

the actuator in terms of recovery force or deformation, but also to evaluate its temporal characteristics,

i.e., the actuation and reset times. This paper presents the fundamental characteristics of SMA and
a complete design model, which requires a close connection between three models: a mechanical
model to predict the response of the actuator to a given temperature increment, a thermal model to
compute the temperature change in the device, and a continuum-mechanical model to predict the
martensite fraction on the SMA. The methodology is applied to a linear wire actuator.

Keywords: shape memory alloys (SMA), shape memory effect (SME), martensitic transformation,
NiTi, superelasticity.

1. History of Shape Memory Alloys

The firstreported steps towards the discovery of the shape memory effect were taken
in 1932 by A. Q. ANDER [R. GILBERTSON, 1994]. He discovered the pseudoelastic
behavior of the Au-Cd alloy. 8ENINGERand MOORADIAN observed in 1938 the
formation and disappearance of a martensitic phase by decreasing and increasing
the temperature of a Cu-Zn alloy. The basic phenomenon of the memory effect
governed by the thermoelastic behavior of the martensite phase was widely reported
a decade later by BRDJUMOV and KHANDROS in 1949 and also by @ANG and

READ in 1951. In the early 1960s,B=HLER and his co-workers at the U.S. Naval
Ordnance Laboratory discovered the shape memory effect in an equiatomic alloy
of nickel and titanium, which can be considered a breakthrough in the field of shape
memory materials [BEHLER et al., 1967]. This alloy was named Nitind¥l{ckel—
Titanium Naval Ordnance Laboratory). Since that time, intensive investigations
have been made to elucidate the mechanics of its basic behavior.
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2. General Principles

A NiTi shape memory metal alloy can exist in two different temperature-dependent
crystal structures (phases) callewrtensite (lower temperature) andustenite
(higher temperature or parent phase). Several properties of austenite NiTi and
martensite NiTi are notably different. When martensite NiTi is heated, it begins to
change into austenitd=ig. 1). The temperature at which this phenomenon starts
is called austenite start temperature (A). The temperature at which this phe-
nomenon is complete is calledistenite finish temperature (A¢). When austenite
NiTi is cooled, it begins to change into martensite. The temperature at which this
phenomenon starts is callesrtensite start temperature (M,). The temperature at
which martensite is again completely reverted is caltedtensite finish tempera-
ture (M) [BUEHLER et al., 1967].

The composition and metallurgical treatments have dramatic impacts on the
abovetransition temperatures. From the point of view of practical applications,
NiTi can have three different forms: martensite, stress-induced martensite (supere-
lastic), and austenite. When the material is in its martensite form, it is soft and
ductile and can be easy deformefiliperelastic NiTi is highly elastic (rubber-like),
while austenitic NiTi is quite strong and hard (similar to titaniufi(2). The NiTi
material has all these properties, their specific expression depending on the temper-
ature in which it is used. IRig. 1 My represents the highest temperature to strain-
induced martensite and the grey area represents the area of optimal superelasticity.

2.1. Hysteresis

The temperature range for the martensite-to-austenite transformation, i.e. soft-to-
hard transition that takes place upon heating is somewhat higher than that for the
reverse transformation upon coolirfgd. 1). The difference between the transition
temperatures upon heating and cooling is catigleresis. Hysteresis is generally
defined as the difference between the temperatures at which the material is in 50%
transformed to austenite upon heating and in 50% transformed to martensite upon
cooling. This difference can be up to 208D[BUEHLER et al., 1967].

2.2. Thermoelastic Martensitic Transformation

The unique behavior of NiTi is based on the temperature-dependent austenite-to-
martensite phase transformation on an atomic scale, which is also ttadtewme-

lastic martensitic transformation. The thermoelastic martensitic transformation
causing the shape recovery is a result of the need of the crystal lattice structure to
accommodate to the minimum energy state for a given temperatureu et

al., 1998].
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Fig. 1. Martensitic transformation anig. 2. Stress-strain behavior of different phases
hysteresis of NiTi at constant temperature

In NiTi, the relative symmetries between the two phases lead to a highly
ordered transformation, where the displacements of individual atoms can be ac-
curately predicted and eventually lead to a shape change on a macroscopic scale.
The crystal structure of martensite is relatively less symmetric compared to that of
the parent phase. If a single crystal of the parent phase is cooled b&lotlien
martensite variants with a total of 24 crystallographically equivalent habit planes
are generally created. There is, however, only one possible parent phase (austenite)
orientation, and all martensitic configurations revert to that single defined structure
and shape upon heating abo®e. The mechanism by which single martensite
variants deform is calletivinning, and it can be described as a mirror symmetry
displacement of atoms across a particular atom plane, the twinning plagel[BR
etal., 1967].

While most metals can be deformed by slip or dislocation, NiTi responds
to stress by simply changing the orientation of its crystal structure through the
movement of twin boundaries.

A NiTi specimen will deform until it consists only of the correspondence
variant, which produces maximum strain. However, deformation beyond this will
result in classical plastic deformation by slip, which is irrecoverable and therefore
has no ‘memory effect’. If the deformation is halted midway, the specimen will
contain several different correspondence variants. If such a specimen is heated
aboveA;, a parent phase with an orientation identical to that existing prior to the
deformation is created from the correspondence variants in accordance with the
lattice correspondences between the original parent phase and each Fagiaht (

The austenite crystal structure is a simple cubic structure, while martensite has a
more complex rhombic structure. This phenomenon causes the specimen to revert
completely to the shape had before the deformatiom [& al., 1998].

The above phenomenon is the basis of such special properties as the shape
memory effect and superelasticity.
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2.3. Shape Memory Effect

NiTi senses a change in ambient temperature and is able to convert its shape to a
preprogrammed structure. While NiTi is soft and easily deformable in its lower
temperature form (martensite), it resumesiits original shape and rigidity when heated
to its higher temperature form (austenitEjg; 3). This is called thene-way shape

memory effect. The ability of shape memory alloys to recover a preset shape upon
heating above the transformation temperatures and to return to a certain alternate
shape upon cooling is known as tive-way shape memory effect. Two-way mem-

ory is exceptional. There is also afi-round shape memory effect, which is a
special case of the two-way shape memory effeetijzu et al., 1987].
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Fig. 3. Transformation from the austenite to the martensite phase and shape memory effect

2.4. Superelasticity

Superelasticity (or pseudoelasticity) refers to the ability of NiTi to return to its
original shape upon unloading after a substantial deformation. This is based on
stress-induced martensite formation. The application of an outer stress causes
martensite to form at temperatures higher th&n The macroscopic deformation

is accommodated by the formation of martensite. When the stress is released,
the martensite transforms back into austenite and the specimen returns back to its
original shapeKig4). Superelastic NiTi can be strained several times more than
ordinary metal alloys without being plastically deformed, which reflects its rubber-
like behavior. It is, however, only observed over a specific temperature area. The
highest temperature at which martensite can no longer stress induced isMgalled
Above My NiTi alloy is deformed like ordinary materials by slipping. Beldy,

the material is martensitic and does not recover. Thus, superelasticity appears in a
temperature range from neAf and up toMy. The largest ability to recover occurs
close toA; [DUERING et al., 1996].
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Fig. 4. Schematic presentation of lattice structure changes caused by outer stressin stainless
steel or superelastic NiTi alloy

2.5. Limitations of Shape Memory and Superelastic Behavior

About 8% strain can be recovered by unloading and heating. Strain above the
limiting value will remain as a permanent plastic deformation. The operating tem-
perature for shape memory devices must not move significantly away from the
transformation range, or else the shape memory characteristics may be altered. A
NiTi shape memory must be deformed at a temperature bélow Moreover,

the deformation limit determined by distinctive design (sharp angles, etc.) and
the intrinsic strain tolerance of NiTi material must not be disregardet (@A et

al., 1998].

2.6. Mechanical Properties of NiTi

Generally, there are two basic mechanical demands for the material and design of

the mechanisms. Service stresses must be safely below the yield strength of the

material, and in cyclic loads the service stress must be kept below the fatigue limit.
The mechanical properties of NiTi depend on its phase state at a certain

temperature [BEHLER et al. 1967] Fig. 3). The common mechanical properties

of martensitic and austenitic NiTi are presentedlable 1. NiTi has an ability

to be highly damping and vibration attenuating beldw. For example, when

a martensic NiTi ball is dropped from a constant height, it bounces only slightly

over half the height reached by a similar ball dropped abovedhtemperature.

The low elastic modulus of NiTi might provide benefits in specific applications.

NiTi has unique high fatigue and ductile properties, which are also related to its

martensitic transformation. NiTiis a non-magnetic alloy. Electrical resistance and

acoustic damping also change when the temperature changes|tk, 1998].
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Table 1. Selected mechanical properties of NiTi

Austenite  Martensite
Ultimate tensile strength 800-1500 103-1100
(MPa)
Tensile yield strength (MPa) 100-800 50-300
Modulus of elasticity (GPa) 70-110 21-69
Elongation at failure (%) 1-20 Up to 60

2.7. Effect of Alloy Composition

Itis feasible to vary the critical transition temperatures either by small variations of
the Ti/Ni composition or by substituting metallic cobalt for nickel. Loweringtof

is possible by adding nickel. If nickel is added above 55.6 Wt%, a stable second
phase (Ti-Ni3) forms and the NiTi properties are lost. To avoid this problem, the
cobalt substitution can be used to lower the transition temperature. The properties
of NiTi can also be greatly modified by mechanical working and through heat
treatment (time and temperature)yBHLER et al., 1967].

2.8. Fabrication

Solid NiTi alloys are manufactured by a double vacuum melting process, to ensure
the quality, purity and properties of the material. After the formulation of raw
materials, the alloy is vacuum induction melted (120R After the initial melting,
the alloy transition temperature must be controlled due to the sensitivity of the
transition temperature to small changes in the alloy chemistry. This is followed by
vacuum arc remelting to improve the chemistry, homogeneity and structure of the
alloy. Double-melted ingots can be hot-worked (80Pand cold-worked to a wide
range of product sizes and shapes.

Porous NiTi can be made by sintering or using self-propagating high temper-
ature synthesis, also called ignition synthesis. The possibility to make composite
SMA products (combination with polymers) is under investigation.

2.9. Programming

The use of the one-way shape memory or superelastic property of NiTi for a specific
application requires a piece of NiTi to be molded into the required shape. The
characteristic heat treatment is then done to set the specimen to its final shape.
The heat treatment methods used to set shapes in both the shape memory and
the superelastic forms of NiTi are similar. Adequate heat treatment parameters
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(temperature and suitable time) are needed to set the shape and the properties of
the item [OrsukA et al., 1998]. They must usually be determined experimentally
for the requirements of each desired part. Rapid cooling of some kind is preferred,
such as water quenching or rapid air-cooling.

Shape memory effect (SME) training or stress-induced martensite (SIM) train-
ing can make the two-way shape memory training procedur@ViEtraining, the
specimen is cooled beloM¢ and bent to the desired shape. It is then heated to a
temperature abovA; and allowed freely to take its austenite shape. The procedure
is repeated 20-30 times, which completes the training. The sample now assumes
its programmed shape upon cooling undi&r and to another shape when heated
aboveA;.

In M training, the specimen is bent just abolg to produce the preferred
variants of stress-induced martensite and then cooled beloWthemperature.

Upon subsequent heating above theemperature, the specimen takes its original
austenitic shape. This procedure is repeated 20-30 times.

3. TheModd

The SMA is used in wire form and is activated electrically (with current or supply
source). The design of electrically activated SMA actuator requires the calculation
ofthe mechanical response of the SMA element, as well as an estimation of actuation
times.

The mechanical analysis of SMA actuator is based on a planar version of
the non-linear phenomenological model. The envelope of the thermo-mechanical
behaviour for a given SMA is shown iig. 5, which is delimited by three load-
ing planes (elastic austenite, transformation loading and elastic martensite). This
envelope is built from a set of stress-strain isothermal curves.

g™ . o
| M e S n I.' e
2 r & T el I|I T a [ H'--.\_\_\I
i ¥ j E g
[ | e £ |
-.f_'_'_ L - l‘II_ S —_?l I o o
e e .:r-. = ___.-'" 4 = -
< S 7 & 7
ad / e o ;
"‘\-\.,\_H l|l.. 1 {"'x / 1 Il'.'\_\‘ _."
- ; ""-\. J ) '
i " =,
e g “"i
T 1 ]
Loaidag sarfsces I'nkaading suisio T herenal yle

Fig. 5. The linearized material model

An example of such a curve in the superelastic domain is giveigib. The
linear dependence of the characteristic transformation stresses versus temperature
is illustrated inFig.7.
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Fig. 6. Bilinear approximation of a super&ig. 7. Approximation of the state di-
lastic curve agram

The transformation can be induced thermally or mechanically. For example
the sequence starts by creating 100% stress-induced martensite in the wire (trajec-
tory 1-2 inFigs. 5 and7). Then the complete martensite-austenite transformation
is realized by heating the wire with electric current. After turning off the electric
current, the SMA wire is cooled by natural convection and the reverse transfor-
mation occurs (trajectory 3-2 iRigs. 5 and7). In conclusion temperature and
stress variation can be imposed in a sequential way in order to model complex
super-thermoelastic cycles.

The continuummechanical model is based on th&lAKA’s constitutive
equation [RNAKA, 1991; BRINSON, 1996]:

o—og=E() e—E@&0) -0+0 - (T—To+ Q) és— Qo) -§x0. (1)

whereo is the stress in the wire; is the strain, T is the temperaturek is the
Young's modulus of the materiad is the thermal coefficient of expansianis the
martensitic fraction in material, arfd is the transformation tensor.

The transformation tensor must be expressed as:

Q&) =—eL- E©). 2

The modulus of the material has been taken in practice to be calculated by a rule of
mixture values:

E@)=§-Em+(1—8§):Ea, 3)

whereg| isthe maximum residual strain for the given SMA material. The elongation

¢ is a function ofo, & and T. The martensite fractiof is a memory term, and
depends on the current loading, the temperature and on the previous martensite
fraction [LIANG, 1993]. Many authors proposed a mathematical expression for
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martensite fraction. It was used one proposed WG

1- 1
£ = Sa cos[am(T — M) + byo ] + +2$A for cooling,
(4)
&= %v' coqJap(T — As) +bac]+1 for heating,

whereaa, ay, ba, by are material constants.

The thermal model describes the current temperature of the wire, which de-
pends on the convection heat coefficient (the heat radiation and the conduction is
neglected). The heat balance is:

dQ . _
E + Qconv+ Qrad =0. (5)

The temperature of the wire was determined with the following equation:
T = Fof% . efFO(Bi‘l’s)’ (6)

whereFo is the Fourier numbeil h is the Thring numberi is the Biot number,
r is the emission constant, andepresents the strain of the wire.
The actuator’s time constant is:

c-p-x?

~ A(Bi +¢) (7)

Ta
wherec represents the heat capacjtyis the medium density of SMA; represents
the geometrical factor of cross section.

The transformation temperaturdd{ M¢, As, A¢) depend on the stress in the
wire. This dependence rule is calculated with the following equationKggé):

A
Ttransformation: TO':O + To, Wherek = 9. .o 11 N/mn‘?KO. (8)

4. The Control of SMA Actuator

The dynamic behaviour of the actuator differs in every point of the state (martensitic
volume fractiont, temperaturd , mechanical stress). An essential failure of the
actuator system is the distinctive hysteresis of the martensite volume fraaiar
T ando. If the actuator leaves the outer hysteresis loop (HL) it joins into the first
order reverse path (RP). If the actuator changes its direction of motion once more,
the order of the RP increases. If the actuator is heated, for example, until it joins
an RP of lower order, it adopts the order of this path.

A precise examination of the parameter model shows that a differentiation in
outer HL, first order RP and higher order RP is sufficiemIfiscHow, 1998]. The
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Fig. 8. The complete model diagram

eight identification points are sufficient to find out the order of the RP, on which the
actuator is situated and the actuator moves. The actuator state is identified if one of

the eight points (seEig. 9) is recognised. The logical condition for the detection
of the eight points is shown ifable2.

E

Fig. 9. The identification points [RITSCHOW, 1998]

whereé represents the elongation or contraction of the actuator (direction of mo-
tion), mis the order of the actual RP,# & comparison between detectgdand
actualg, h andc heating, and cooling process.

The transfer function of the closed loop:

We-W, Ac- Ap(Ti -s+1)
T+We-W, T -S(Ty-s+1) +Ac- ATy -5+ 1)

The error can be evaluated by the integrated square error (ISE). After the minimal-
ization of ISE the optimal control parameters can be fouRdorresponds to the
time constani of the actuator and the amplification factgyof the controller is
equivalent to the inverse gain parameter of the plgntThe signal flow diagram
(Fig.10) shows the structure of the controlled loop and the adaptive controller.

W(s) =

(9)
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Table 2. The logical condition of the eight points RPrscHow, 1998]

& m & #£& | Direction| Value of¢ | Description
1| <0 - - - £=1 Actuator on HL, heating
2| >0 - - - E=0 Actuator on HL, cooling
3| >0 = £ < &y h - Actuator leaves HL, cooling
4| <0 = &> &y c - Actuator leaves HL, heating
5| <0| =2 | £€>¢&q c - Actuator leaves RPm — 1),
heating
6| <0| >2| £ <&y - - Actuator on RAm and joins
RP (m — 2) or HL, heating
7| >0| =2 | € <&y h - Actuator leaves RPm — 1),
cooling
8| 0| =2 | £€>¢&4 - - Actuator on RAm and joins
RP (m — 2) or HL, cooling
position
input
* adaptive | P | actuator |position response
_§ | controller system l
&-esti-
mation
§,§
parameter actuator stal
calculations estimation
actuator history

This paper presents a complete design model for linear SMA actuator based on the
mixture of three models: thermal, mechanical and continuummechanical model.
In the paper an adaptive control system is also presented. For the simulation the

Fig. 10. The signal flow diagram

5. Conclusion

visual programming language Labview was used.

The disadvantage of the adaptive controller can be described by the inaccu-

rate approximations (the actuator systems are modelled as,aidrient) in the

calculation of the optimal control parameters. Applying more exact methods the

accuracy will increase.
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The actuator state estimation is problematic, because the martensite fraction

& is not measurable; it is available only by approximation.
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