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5.1 Introduction

Shape memory alloy (SMA) is the generic name given to alloys which ex-
hibit the unusual property of a strain-memory which can occur either at
constant temperature, where large yet recoverable strains are possible (su-
perelasticity), or on changes in temperature, where apparently permanent
strains can be fully recovered (thermal shape memory).

These memory effects have their origin in a particular type of phase
transformation (change in iuternal crystal structure} which produces a mi-
crostructural constituent known as martensite. A martensitic transforma-
tion is displacive, that is it occurs through a shearing of the crystal structure
from the so-called pareut-phase to that of the martensite. This is illustrated
schematically in the two-dimensional analogue shown in Fig. 5.1. Such tran-
sitions are diffusionless, resulting in no change in chemical composition, and
form the basis of heat treatments in many metallic materials, including the
familiar transformation of austenite to martensite in ferrous {iron-based)
alloys. Thermally induced martensitic transformations occur over a falling
temperature interval (Fig. 5.2). The transformation proceeds at the M,
(martensite start temperature) where the martensite phase first appears,
and progresses athermally (occurring over a falling temperature interval)
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Fig. 5.1 Two-dimensional, two-variant analogue of a thermoelastic martensitic trans-
formation.

until at the M temperature transformation is complete. On heating, at the
A, temperature the last martensite formed during forward transformation
begins to revert to parent-phase, and there is then continuous reversion
until at the Ay temperature the high temperature parent-phase is fully re-
stored. The overall hysteresis between forward and reverse trausformation
pathways in SM alloys is small, usually between 10 and 50°C; a behaviour
quite different to that exhibited by non-thermoelastic martensitic trans-
formations, typified by steels. Thermoelastic martensitic transformations,
which form the basis of SMA behaviour, can be repeated indefinitely as
long as high temperature excursions are avoided.
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Fig. 5.2 Hysteresis curve for a thermoelastic martensitic transformation.
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5.2 Structural Origins of Shape Memory

A feature of all martensitic transformations is that there are a number of
equivalent shear directions through which the martensite can form within a
region of parent-phase. This results in the formation of martensite variants
within the microstructure of a transformed alloy. This is illustrated again
schematically in Fig. 5.1 using a two-dimensional, two-variant model. This
figure shows two crystallographically equivalent martensite variants created
by different atomic shears from the parent phase. In this analogue the
two opposite shears maintain the macroscopic shape of the crystal block
(represented by the dotted line}. Such a microstructure, where the shear of
one variant is accommodated or “cancelled” by that of the other, is known
as a self-accommodated structure. This process forms the basis of the shape
memory effect in SMAs, although three-dimensional self-accommodation
requires a larger number of variants (typically up to 48 in many alloys).

It is apparent from the two-dimensional analogue in Fig. 5.1 that the
parent phase of a SMA has higher symmetry than the martensite. This
means that although there are many transformation routes through which
the martensite can form from the parent phase, there are only a few possible
routes for the reverse transformation; often limited by other factors to a
single reversion pathway. In other words transforming to martensite and
reverting to parent phase results in a complete restoration of microstructure
(Fig. 5.1). In SMAs the interfaces between martensite variants are glissile
(mobile) and their positions can be influenced by external variables; perhaps
most lmportantly by applied stress. This is illustrated in Fig. 5.3 where
the positions of the martensite interfaces change under the influence of
stress/strain, creating a balance of variants whose shears best accommodate
the direction of applied strain. That is the interfaces between variants move
to “grow” the most favourably oriented variants and shrink the least. It is
the ability to re-orientate martensite variants by the application of stress
and to revert these to parent-phase which forms the basis of at least one
shape memory phenomenon — the so-called one-way shape memory effect.

5.3 One-Way Shape Memory

Figure 5.4 schematically illustrates the macroscopic response of a one-way
SMA. If such an alloy is deformed whilst in the self-accommodated marten-
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Fig. 5.3 Variant reorientation in thermoelastic martensites.

sitic state and subsequently unloaded, then an apparently permanent strain
will remain. This is a result of the marteusite microstructure being re-
oriented as shown in Fig. 5.3; the reorientation remaining on the removal
of the external stress. If the alloy is then reheated to a temperature above
the martensitic transformation temperature range then this apparently per-
manent strain will fully recover, returning the original macroscopic shape.

This is the so-called one-way memory effect. As long as the total strain
does not induce permanent plastic flow, deformation may be of any type,
e.g. tension, compression, bending or more complex combinations.

The internal structural changes that take place during the one-way
memory effect can be visualised using the two-dimensional analogue in
Fig. 5.5. Deformation takes place in the self-accommodated martensite
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Fig. 5.4 Stress—strain behaviour during the one-way memory effect.
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condition. During loading this structure becomes deformed through vari-
ant rearrangement, resulting in a net macroscopic shape change. When the
alloy is unloaded this deformed structure remains, resulting in an apparent.
permanent strain. However, if the alloy is now reheated to a temperature
above the martensitic transformation range the original parent phase mi-
crostructure and macroscopic geometry is restored. This is possible because
no matter what the post-deformation distribution of martensite variants,
there is only one reversion pathway to parent-phase for each variant. When
the alloy is subsequently cooled to below the transformation range a self-
accommodated martensite microstructure is formed and the original shape
before deformation is retained. Thus a one-way shape memory is achieved.
The maximum strain recovered through this process depends on the shape
memory system, however, it is typically in the range 1-7% for polycrys-
talline alloys.

5.4 Two-Way Memory Effect

During the one-way memory effect only one shape is ‘remembered’ by the
alloy; the so-called hot (parent phase) shape. However, SMAs can be pro-
cessed to remember both hot and cold shapes, thus exhibiting a two-way
memory where the component can be cycled between two different shapes
without the need for an external stress.

Two-way shape changes rely entirely on microstructural changes dur-
ing martensitic transformation which occur under the influence of inter-
nal stress [1]. Self-accommodation of the martensite microstructure is lost
in the two-way effect due to the presence of these internal stresses, and
predominant variants form during transformation (i.e. there is an excess
of certain variants within the martensite microstructure compared to self-
accommodated structures). This results in a shape change towards the
cold-shape on cooling and towards a second hot (parent phase) shape on
heating through the reverse transformation. This cycle is also illustrated in
Fig. 5.5. Notice how the self-accommodated structure is missing in such al-
loys and that the martensite shape is achieved directly by cooling below the
M, temperature under the influence of internal stress. Internal stress may
be introduced in a number of ways, usually referred to generically as “train-
ing”. These sites of stress must be stable on thermal cycling through the
transformation and usually result from the introduction of irreversible de-
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Fig. 5.8 Microstructural changes during thermal memory and superelastic phenomena.

fects. These are created by prior deformation [2; 3] or through the presence
of particles and precipitates [4] created during special thermo-mechanical
treatments [5]. Two of the most common training methods create two-way
memory through the introduction of dislocation arrays and are achieved
by:

e Cyclic deformation at a temperature below M followed by constrained
heating in the cold-shape to a temperature above A;.

¢ Cyclic deformation hetween the hot- and cold-shapes at a temperature
above Ay [6].

5.5 Pseudoelasticity or the Superelastic Effect

When a SMA is deformed isothermally at a temperature above A, marten-
sitic transformation can also be induced mechanically., The martensite
formed in this way is known as stress-induced martensite {SIM). This is
only stable under the application of stress, and on unloading, the reduction
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in stress and surrounding elastic forces generated during transformation
cause the martensite to shrink back to the original parent-phase. Fig-
ure 5.6 shows the mechanical hehaviour of such a superelastic material,
and compares this to that of a conventional metallic alloy. Such superelas-
tic materials can fully recover deformations up to 6-7% strain, depending
on alloy type. It can be seen from Fig. 5.6 that superelastic deformation is
also hysteretic, the upper plateau occurring during stress-induced marten-
sitic transformation and the lower during reversion on unloading. It is both
the large recoverable strain and constant recovery stress plateau that can
be utilised in superelastic applications.

Figure 5.5 can also be used to explain the microstructural origin of
these effects, with stress-induced transformation resulting in a predomi-
nant variant microstructure (“deformed martensite structure”), creating a
macroscopic strain, which shrinks on reversion of the martensitic phase.
The deformation hysteresis is also clearly associated with the inherent hys-
teresis of the underlying martensitic transformation (Fig. 5.2).

5.6 A Brief History of Memory Alloys and their Applica-
tion

Arguably the first observations of shape memory behaviour were carried out
by Olander [7] in 1932 in his study of a “rubber like effect” in the Au—Cd
system and by Greninger and Mooradian [8], 1938, in their study of Cu Zn
alloys. However, it was many years later that Chang and Read [9] first re-
ported the term “shape recovery” whilst working on Au—Cd alloys. It was
not until 1963, in a study on NiTi alloys, that Buehler et al. [10] first intro-
duced the phrase “shape memory effect” as a material property. Indeed it
was the discovery of the effect in these NiTi alloys that “kick-started” inter-
est in shape memory applications. During the 1960s NiTi alloys and their
early applications began to move the effect away from fundamental phe-
nomena to useful engineering properties and fuelled international research.
Duerig [11} divides the methods of harnessing thermal memory effects into
three categories:

Free Recovery An alloy is apparently permanently strained and on the
application of heat recovers its original shape; maintaining this during
subsequent cooling. The function of the alloy element is therefore to
cause motion or strain.
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Constrained Recovery The alloy is prevented from full shape recovery
thus generating stress on the constraining element.

Actuation Recovery The alloy is able to recover its shape but operates
against applied stress, resulting in work production.

Duerig [11] also considers superelastic applications in the following way:

Superelastic Recovery The only isothermal application of the memory
effect, superelastic recovery {also known as pseudoelasticity) involves
the storage of potential energy through comparatively large but recov-
erable strains.

In some cases separation of the thermal and isothermal applications is
not possible since many superelastic applications also involve free and con-
strained recovery (where the superelastic element either recovers its shape
freely or is constrained by another mechanical element of a device). These
terms therefore need not be confined to thermal effects. However, this
broad type of categorisation is useful for conceptualising how shape change
phenomena may be applied within engineering systems.

Although there are examples of NiTi SMA applications in all of the
four categories described by Duerig {11], the greatest number have emerged
in the area of superelasticity. Many excellent and unique devices have
been constructed out of NiTi for the medical industry and this market
is still growing at a considerable pace. It is perhaps, the reported bio-
compatability {12; 13; 14] allied to the less complicated design procedures
for superelastic applications that has resulted in the high number of devices
utilising this effect.

Guide wires for non-invasive surgery [15], orthodontic arch wires [186;
17] highly flexible surgical tools [18] and stents for the minimally inva-
sive treatment of arterial and oesophageal strictures [19; 20] have all been
successfully produced out of NiTi superelastic wires. In addition to the
medical market, superelastic components are also successfully employed in
consumer products such as spectacle frames [21] under-wired bras [22] and
mobile phone antennae [23].

The three categories of thermal shape recovery have met with much less
commercial success and are limited to just a few niche areas. Of these,
perhaps the most successful is also one of the first. This is the coupling
originally designed by the Raychem Corporation to employ constrained
recovery for the joining of pipes in the Grumman F-14 aircraft [24]. In
this application & ring of NiTiFe alloy is expanded in diameter at very low
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Fig. 5.6 Comparison of the stress strain curves of conventional and superelastic alloys.

temperatures and fitted over the coupling area of the pipes. As the ring
returns to comparatively high ambient temmperatures it attempts to contract
to its original diameter and exerts high forces on the pipes resulting in very
strong, reliable couplings. As well as pipe couplings SMAs have also been
used in various electrical connectors and fastener applications, all utilising
constrained recovery effects [25; 26].

Unconstrained recovery applications are few.  Devices exploiting
shape change only include fire protection devices and thermal cut out
switches [27]. In these applications the alloy element acts as both ther-
mal sensor and cut-out actuator and tend to be concerned with flow cut
off valves. For instance the Proteus gas valve was specifically designed to
cut off gas flow in the case of fire [28]. In this product a CuZnAl SMA
spring expands at a particular temperature pushing a steel ball through a
retaining ring. The valve can be reset manually at temperatures below the
SM As martensitic transformation and does not have to undergo repeated
actuation or operate against constant loads.

The area of thermal shape change that perhaps has the greatest po-
tential, for smart applications, is that of actuation [29; 30]. Many patents
exist based on the principle of using a SMA element as a thermal actuator
which converts electrical or thermal energy into mechanical work. However,
because of the complicated design criteria for matching the desired motion,
cycle life and actuation temperatures to an "off the shelf” material [31;
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32] the number of successful repeatable actuation devices is limited. The
devices that have met with commercial success are usually those that have
been designed allied to stringent actuator research and development pro-
grammes. A good example of this is the air conditioner actuator developed
by Matsushita Electrical Industrial Company Ltd. on the basis of the fun-
damental research carried out by Todoroki [33]. It is obvious, however, that
the cost of this type of research is high and many SMA actuator designs do
not get any further than the conceptual stage.

5.7 Why Not Use Bimetals?

This question is often asked of shape memory researchers and manufactur-
ers when considering possible thermal actuator applications and deserves
to be seriously answered. The answers are clear. The displacements of
bimetallic strips tend to be much smaller than those of shape memory
alloys and vary linearly with temperature, rather than the switch-like be-
haviour associated with SMAs over their relatively narrow transformation
temperature range. In addition SMAs may be configured into many differ-
ent shapes, e.g. a spring or tubular cross section, and exhibit a tailorable
direction of deformation with temperature. Finally, and particularly im-
portant for thermal actuator applications, SMAs can exert recovery forces
up to 100 times greater than bimetallic strips.

5.8 Types of Shape Memory Alloy

Despite a growing list of alloys that display the memory effect only copper-
based and NiTi-based alloys have been commercially exploited, and by far
the most important commercial shape memory alloys are those based on
the NiT1 system. It is their comparatively large shape memory properties
and excellent corrosion resistance [34] that really sets these alloys apart in
terms of commercial application.

In all SMASs careful processing and alloying permits close control of prop-
erties such as actuation temperature (phase transformation temperatures),
strength and work outputs.

Copper-based shape memory alloys exhibit higher actuation tempera-
tures (approximately in the range —200 to +200°C) than NiTi alloys and are
sometimes the only choice for high temperature applications, (i.e. > 100°C).
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The practical recoverable strain in polycrystalline copper-based SMAs also
ranges from approximately 3% in Cu—-Al-Ni alloys to 4% in Cu~Zn—Al al-
loys. Unfortunately, these copper alloys tend to suffer from low strength
and poor corrosion resistance.

NiTi alloys exhibit by far the greatest recoverable strains of commer-
cially available polycrystalline shape memory alloys but generally have a
lower range of actuation temperature (approximately in the range —200
to +100°C). Fully recoverable strains of 7% are easily achievable with these
alloys and their comparatively high strength and excellent corrosion resis-
tance has resulted in many unigue shape memory applications. The poor
electrical conductivity of NiTi alloys also allows them to be used in solid-
state actuator applications where the alloy is heated by electrical current.
Because of this, recent research into smart structures incorporating solid-
state actuators has resulted in concurrent development activities on Ni'T1
alloys. The next section will consider NiTi alloys in greater detail.

5.9 Nickel Titanium Shape Memory Alloys

5.9.1 Background

Because of its discovery by Buehler ¢t al. [35; 36] at the Naval Ordnance
Laboratory in California, USA, NiTi alloys are often referred to as Nitinol
(NiTi Naval Ordnance Laboratory). The shape memory effect is only
present in binary NiTi alloys over a very narrow compositional range based
around 50 atomic percent, i.e. 50% nickel, 50% titanium. Differences of just
0.1 atomic percent can easily change transformation temperatures by 20°C
or more. For this reason production and processing of NiTi alloys must be
very strictly controlled. Induction melting is often used to produce the final
ingot, ensuring good homogeneity of the alloy, and enabling transformation
temperatures to be controlled to within 5°C. Unfortunately this type of
careful fabrication and often small production runs adds to the cost of
the final product. Because of this NiTi alloys are often regarded as being
comparatively expensive.

5.9.2 Mechanical Behaviour

The deformation behaviour of NiTi alloys depends heavily on ambient tem-
perature, the phase of the alloy and its trapsformation temperatures. This
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18 illustrated in Fig. 5.7. The different stages of deformation are labelled
from 1 to 4 in each figure.

Figure 5.7(a) represents the behaviour of an alloy in the parent-phase
at a temperature above M, {the temperature above which martensite can-
not be stress-induced). The curve exhibits linear deformation (stage 1)
up to approximately 0.5% strain (elastic deformation) followed by perma-
nent (plastic) deformation (stage 2}. This type of behaviour is typical of
couventional metallic alloys.

An alloy tested at a temperature above A5 but below My is shown in
Fig. 5.7(b}. Stage 1 shows some initial elastic loading of the parent-phase.
At a particular stress martensite is induced and further strain results in
stress-induced martensitic transformation. If the alloy is unloaded at this
stage superelastic shape recovery will take place and the curve will follow
the path represented by the broken line. However, if the alloy is strained
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Fig. 5.7 Deformation behaviour of NiTi shape memory alloys at a temperature: (a)
above My; (b) above Af but below My; (¢) below Mjy.
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further, elastic deformation of the stress-induced martensite {stage 3) will
occur until permanent {plastic) deformation sets in (stage 4).

Figure 5.7(c) represents an alloy tested below its My temperature in the
fully self-accommodated martensite condition. After elastic deformation of
the martensite at very low stresses (stage 1), martensite variants begin
to realign at a constant stress until reorientation is complete (stage 2).
Subsequent loading results in elastic deformation of the martensite variants
(stage 3) and eventual permanent plastic deformation (stage 4). If the
alloy is unloaded at the end of stage 2 or during stage 3, the material will
elastically unload with an apparently permanent strain (5), which can be
recovered by heating through the one-way shape memory effect.

All phenomena are observable in a single SMA, depending on the po-
sition of ambient temperature with respect to the alloy’s transformation
temperatires.

5.9.3 Corrosion Characteristics

One of the differentiating benefits of NiTi over other commercial shape
memory alloys is its excellent corrosion resistance. The passive titanium
dioxide (TiO3) surface film results in a corrosion resistance comparable to
316L stainless steel. Formation of this film is exactly the same as for pure
titanium. The film is very stable and resistant to many forms of potentially
corrosive attack, however, breaks in the surface can be slow to recover.

NiTi’s corrosion resistance has led to extensive studies on the bio-
compatibility of these alloys and a number of medical applications. It
has been established through clinical tests that the bio-compatibility 1s
excellent, with organs showing no signs of metallic coutamination. It is
thought that the titanium-rich oxide surface prevents potentially harmful
nickel reaching tissues. This has resulted in great activity in the medical
market which has been one of the catalysts driving recent shape memory
research.

5.9.4 Ternary Additions
The addition of a third chemical element to NiTi alloys can provide control
over particular characteristics of the shape memory effect. For instance:

¢ Grumman F-14 pipe couplings were made from NiTiFe to provide a
very low M, temperature.
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e NiTiCu alloys have become increasingly popular hecause of their
smaller transformation hysteresis and improved cyclic stability.

e The addition of palladium to NiTi presents the interesting possibility
of using NiTi-based SMAs in higher temperature applications such as
automobiles because of their relatively high transformation tempera-
tures.

¢ NiTiND alloys exhibit a wide hysteresis which is particularly useful for
coupling devices. This is because it is possible to deform couplings at
liquid Nitrogen temperatures {—196°C) and store them in the deformed
state at room temperature. Upon suhsequent heating the couplings will
contract and maintain the clamping pressure when cooled back down
to room temperature,

5.9.5 Summary of Mechanical and Physical Properties

NiTi alloys offer many unique memory properties. Unfortunately, their
comparatively high cost and poor workability is often a factor in deter-
mining whether an application has commercial feasibility. For reference
and comparison, Tables 5.1 to 5.4 summarise the physical, mechanical and
commercial properties of NiTi and copper-based shape memory alloys.

5.10 NiTi Shape Memory Alloys in Smart Applications

Soon after Buehler first discovered the shape memory effect in NiTi alloys
the commercial world began to try and assimilate memory characteristics
within real products. It is perhaps, because NiTi shape memory effects
were first realised in the 1960s that so much initial effort went into finding
applications. During this decade, and the one hefore it, new materials were
heralded as the key to economic growth and commercial suceess throughout
many industrial sectors. The impact of thermoplasties, semiconductors and
new metallic alloys resulted in this period being referred to as the materials
revolution and the discovery of a metal which changes its shape was seen as
yet another material that would ‘shape’ the future of industry. Of course
the effect had already been found in copper-based systems but had so far
only been viewed as a physical curiosity that could be used to learn more
about martensitic transformations.
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Table 5.1 Physical properties of shape memory alloys.

NiTi Cu-Based Alloys

Density (gec™ 1) 6.4-6.5 7.1-8.0
Melting point (°C) 1250 950 1050
Thermal conductivity (Wm’C ™)

Martensite 8.6-10.0 -

Parent phase 18 79-120
Electrical resistivity (x107°Qm)

Martensite 0.5-0.6 0.14

Parent phase 0.82-1.1 0.07
Co. thermal expansion (x107%C™!)

Martensite 6.6 16.0-18.0

Parent phase 10.0-11.0 -
Specific heat capacity (Tkg°C ™) 470-620 390-440
Enthalpy of transformation (Jkg™*) 19.0-28.0 7.0-9.0
Transformation temperature range (°C) —200--120 —200—200
Corrosion performance Excellent Poor
Bio-compatibility Excellent Assumed poor

In addition to the discovery of NiTi alloys at the height of a new mate-
rials revolution, it was also the geographical location of its discovery that
resulted in such commercial interest. During the 1960s California was, and
arguably still is, the innovation centre of the world. Undoubtedly, NiTi
alloys rode the wave of industrial optimism in the 1960s and innovative
engineers from many industrial sectors struggled to find applications for it.

However, by 1971, the time that Grumman pipe couplings finally came
to market, the strategies for innovation were changing. A new model he-
gan to take shape placing more emphasis on the role of the market place.
Empirical results based on real innovations began to establish a ‘market
pull’ strategy sometimes referred to as ‘need pull’ [37]. It began to be re-
alised that the rost successful innovations result from either perceived or
clearly defined customer needs, resulting in closely focussed research and
development. However, shape memory alloy manufacturers continued with
a technology ‘push’ strategy well into the 1980s leaving behind them & trail
of failed products such as the thermally activated greenhouse latch [38).

In the early 1980s, at last a genuine market pull began to develop within
the shape memory industry. Slowly it became apparent that significant
numbers of papers were being presented on medical applications. Shape
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Table 5.2 Maechanical properties of shape memory alloys.

NiTi Cu-Based Alloys

Young’s modulus {(GPa)

Martensite 2841 70

Parent phase 70-97 70-100
Yield Strength {MPa)

Martensite 70-140 &0-300

Parent phase 195-690 150-350
Ultimate tensile strength (MPa)

Fully annealed 895 400

Work hardened 1900 1000
Elongation at failure (%)

Fully annealed 2550 B-1a

Work hardened 5-10 813
Hot workahility Poor—fair Very good
Cold workability Poor Good
Machinability Poor Very good
Poisson ratio 0.33 -
Wear resistance Good -

memory manufacturers and medical device companies who recognised the
potential value of this market began to file strategic patents and develop
products that provided unique solutions to medical problems. The market
pull on shape memory applications gradually intensified during the 1980s
until in 1994 the first International Conference on Shape Memory and Su-
perelastic Technologies took place conecentrating on practical applications.
The influence of the medical market pull was obvious from the number of
papers presented on bio-compatibility and medical applications. This con-
ference has now become a regular event and the first European version took
place in 1999.

Around the beginning of the 1990s a new market for shape memory
alloys also began to emerge, that of “smart materials” and “smart struc-
tures”. Whilst not being a specific, taugible market segment like that of
the medical industry, recent interest in smart technologies has resulted in
considerable market pull on shape memory alloy research and development.

Proactive research surrounding smart technologies has produced its own
specific journals and conferences and has resulted in a resurgence of inter-
est in using shape memory alloys in actuator applications. For this rea-
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Fig. 3.8 Performance of shape memory alloys: (a} advantages; (b) disadvantages.

son it has become an important strategic segment for shape memory alloy
manufacturers and a major driver of current shape memory research and
development.

5.11 Shape Memory Alloys as Smart Actuators

It is clear that the main use of shape memory alloys within smart tech-
nologies will be as actuators operating through the conversion of thermal
energy into motion and work output.

The use of these alloys as solid state actuators offers many benefits [39]:

e High recovery forces.

e Large recoverable outpit strains.

¢ Different actuation modes (linear, bending, torsion).
¢ High work output per unit volume or mass.

It is perhaps the large strains and high work output that offer most op-
portunities for innovative design with SMAs. The material function of the
shape memory effect differentiates itself clearly from other actuating mate-
rials such as piezoelectrics and magnetostrictives, as shown in Fig. 5.8(a).
However, when considering the benefits of SMAs the potential shortcom-
ings should also be considered. Figure 5.8(b) shows how compared to other
possible actuators, SMAs suffer from low efficiency (i.e. high loss actua-
tion) and very poor response times or actuation frequencies. Successful
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applications build on SMA strengths whilst effectively designing ont these
weaknesses.

The use of NiTi alloys in smart structures is at an embryonic stage.
Whilst many researchers are working on applying NiTi to actuator applica-
tions in smart structures, fundamental problems for their commercial use
remain. These include control paradigms and thermo-mechanical fatigue
effects. However, major commercial and academic players continue to re-
search SMAs. If a new high volume application can be found then growth
in the SMA “smart sector” will follow.

Much is said about the potential of the smart materials/structures mar-
ket. For instance, Thompson and Gandhi [40] predict:

“Smart materials and structures technologies will revolutionise a
broad segment of the international market place for products in
the defence, aerospace, automotive and commercial-products in-
dustries... The total market share of smart materials and struc-
tures is projected to exceed $65,000,000 by the year 2010.”

Political, economic, social and technological forces will influence this
smart materials/structures market and may ultimately dictate whether
SMAs prove to be successful in creating innovation and competitive ad-
vantage. Thoughts on these key factors are highlighted below [41; 42; 43].

5.11.1 Political Factors

Reductions in defence budgets will result generally in less government
funded R&D worldwide. This may either have positive or negative effects
on SMA research. Although defence-funded R&D is likely to reduce, there
is a trend towards increased funding for smart research in general. This
has currently renewed interest in SMA technology within the defence mar-
ket. Government funding for space research will also continue. The trend
towards remote vehicle and satellite exploration will provide opportunities
for SMA actuators.

5.11.2 FEeconomic Forces

Aerospace sales are falling and this in turn exerts economic pressure on
aerospace manufacturers. Traditionally these companies have been innova-
tors in many areas of smart research including SMAs. If commercial appli-
cations of SMA-based smart structures are not realised soon then funding
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Table 5.3 Memory properties of shape memeory alloys.

NiTi Cu-Based Alloys
Transformation temperature range (°C) —200——120 —200-+200
Hysteresis (°C) 20-50 15-20
One-way memory maximum (%) 8 4-6
Two-way memory maximum (%) 3-5 1-4
Superelastic strain maximum (%) 8 2
Work output {(Jg™!) 1-4 1

of SMA research within these industries is likely to fall sharply over the
next 5 to 10 years. The continual push for increased component lifetime
and cost reduction may, however, result in a positive drive towards smart
technologies which have sensory and adaptive capabilities. It may be that
SMAs can find niche applications within these products.

5.11.3 Social Forces

Increasingly stringent product safety requirements are likely to exert consid-
erable market pull on sensory and actuator technologies including SMAs.
Advances in human control environments arc also exerting considerable
market pull on these technologies. The trend towards interactive computer
interfaces and virtual environments is putting pressure on conventional
structural materials to compete with advances in computer hardware and
software. Adaptive/smart materials are seen as one way of adding func-
tionality and improving the way we relate to environments and product
interfaces. SMAs are one of the few materials already available which sat-
isfy these requirements.

Table 5.4 Economic properties of shape memory alloys.

NiTi Cu-Based Alloys
Composition control Very strict Fair
Unit cost High Fair

Forming cost High Fair
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5.11.4 Technological Forces

Advances in enabling technologies (neural nets, sensors, etc.) will address
some of the difficulties associated with the control and implementation of
smart structures. In particular, the control of partially transformed SM
actuators will become better understood resulting in the possibility of using
SMAs as actuators in smart structures. Within the last 5 years there have
also been considerable advances in NiTi product geometries such as thin
films and tubing. These ‘new’ product forms will lead to greater freedom
when designing adaptive structures and actuators and which will lead to
further SMA applications.

5.12 Shape Memory Alloys and their Fit to Smart Tech-
nologies

It is beyond the scope of this chapter to argue deeply about the definition
of what constitutes a smart material or structure. However, the following
definition based on reports resulting from the UK Department of Trade and
Industry’s Overseas Science and Technology Expert Mission to Japan, does
summarise the important issues concerning the nature of the field and the
materials that can be included within it:

Smart Materials Materials with inherent functionality designed at a
molecular level.

Smart Structures Systems with added functionality imparted by the in-
tegration of physical elements such as sensors and actuators with non-
active materials.

It. is possible to see how shape memory alloys fall into both categories.
The smart, material defined ahove requires design at a molecular level such
that structural integrity, sensor and actuator functions are combined at a
microscopic level to form a monolithic material rather than the macroscopic
level where monolithic elements are combined to form a smart structure.

5.12.1 Shape Memory Alloys — A Smart Material?

The concept of smart. materials and their design at a molecular level is usu-
ally interpreted as the manipulation and integration of discrete molecules,
each one of which has either: a sensor, actuator or structural function. In
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this respect a smart material is actually a smart structure on a microscopic
level. In shape memory Alloys these three functions are combined at an
atomic level, In this respect the ability of shape memory alloys to respond
autonomously to external stimuli is inherent and therefore fulfils one of the
most important requirements of a smart material; although with relatively
limited range of functionality.

In addition, a smart material should be able to respond in a control-
lable manner that is pre-programmed during its manufacture and process-
ing. Again this is easily achievable with SMAs. Careful control of the alloy
content and subsequent processing can be used to ‘fine tune’ the transforma-
tion temperatures (sensor function}, the force and degree of shape recovery
(actuator function) and the strength of the alloy (structural function).

Another requirement of smart materials is that actuation should only
occur where it 1s needed. Actuators dispersed at a molecular level within a
monolithic structure would on the face of it seem very difficult. However, a
new method of setting the memory into discrete areas using a laser means
that monolithic shape memory devices can now be made with actuators dis-
persed within an otherwise entirely structural matrix. A microgripper using
this technique has been commercially produced and may in this respect be
one of the first truly “smart material” applications of SMAs [44].

5.12.2 Shape Memory Alloys in Smart Structures

Essentlally, two approaches have been adopted in the use of SMAs within
smart structures. The first is to use SMA actuators in a relatively con-
ventional form to drive the structure of interest. This is essentially an
extension of conventional mechatronics, with complex actuation systems
replaced by shape memory alloys. However, such applications differ from
more conventional SMA applications since actuators are driven electrically,
allowing integration of the actuation system with the control and sensing
parts of the smart structure. Within this family of applications are those
classed simply as “smart mechanisms”. Examples include variable geome-
try aerofoils/hydrofoils which have been developed as demonstrators by a
number of centres [45!. In these “mechanisms” SMA actuators are used to
vary the geometry of ‘flexible’ structures in a manner analogous to human
muscles, by using the varying strain available from an SM actuator as it
is heated proportionately through its transformation/reversion ranges, and
the mechanics of actuation are relatively conventional and simple.
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At the other extreme of ‘conventional’ actuation is the use of SMAs in
more complex structural systems. Such an example is the development of
active struts for truss structures. Lightweight space truss-structures require
active control to eliminate vibration and resonance. The incorporation of
active struts, which can excite a structure with a cyclically imposed strain,
can produce damping. A major problem is usually low frequency vibration,
and low-bandwidth high-strain actuators are optimal for such active trusses.
SMAs fulfil this requirement and designs have been developed for trusses
based on SMAs [46]. These are relatively conventional in the sense that
they use the SMA in a partially constrained actuation mode, similar to
many conventional thermal sensor applications, but with the active trusses
driven electrically.

A second approach to SMA-based sinart structures is a more radical de-
parture from conventional applications. This is to use SMAs as distributed
strain actuators either embedded within or surface mounted to structures.
This is currently the most widely investigated area since SMA wire actua-
tors integrate well with advanced composite materials. The use of embed-
ded SMA actuators has been demonstrated for vibration and shape control
of composite components, and preliminary work has shown the potential of
such actuators for damage control.

5.12.2.1 Passive Composite Structures

These rely on the inherent damping capacity of SMA salloys in the marten-
sitic phase and do not involve any macroscopic shape change or motion from
the ‘actuator’. An example of this is the alpine ski developed at EPFL in
Lausanne, Switzerland, where CuZnAl SMA alloys are integrated within
a modified ski to damp vibration [47]. The damping mechanism relies on
very small movements between martensite variants within the SMA to ab-
sorb vibrational energy through the hysteresis associated with reversible
mechanical reorientation of a martensitic material. As the ambient tem-
perature of the skiing conditions falls and the snow surface becomes harder,
the martensitic transformation increases the damping capacity of the ski.
A similar strategy is also employed for the damping of seismic vibrations
in building structures using superelastic NiTi alloys [48].

Unfortunately passive control is limited to specific operating conditions.
There is therefore more interest in the active control of smart structures as
this can result in a much greater operational envelope.
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5.12.2.2  Structural Shape Control

Many workers have demonstrated structural shape control by incorporat-
ing SMA actuators away from the neutral axes of composite components;
bending introduced by actuators controlling the component’s ‘shape’. If ac-
tuators are placed either side of the neutral axis they can also work against
one-another to provide sensitive control of shape deformation. Two addi-
tional forms of shape control have also been demonstrated which do not
per se depend on the macroscopic strains of distributed actuators. These
have been termed active property tuning (APT) and active strain energy
tuning (ASET).

APT involves no shape change in an actuator but instead depends on
its stiffness change when heated through the transformation range; trans-
formation from martensite to parent-phase increasing the effective stiffness
of a SMA by more than 200%.

Such changes can influence the stiffness of the host composite materials
resulting in control of their deflection under imposed loads. For example,
modelling has shown that in quasi-isotropic carbon fibre reinforced plastics
(CFRP), the deflection of clamped simply supported plates can be reduced
by 6% using APT; although the volume fraction of SMA required is high
(~ 50%). The actuator must however be oriented correctly to maximise
this effect.

During ASET an actuation strain is induced in the composite, how-
ever, no macroscopic shape change occurs since actuators are distributed
throughout the host composite. This introduces internal stress into the hy-
brid material. Models exploring this effect have shown that the deflections
of loaded simply supported plates can be reduced, and that a smaller vol-
ume fraction of actuator is required compared to APT, to produce control
over deflection. For example, in quasi-isotropic CFRP laminates ~ 80%
reductions in deflection can be achieved with only 10 vol% actuator. The
reduction of deflection also depends on the recovery force of the actuator
(i.e. the amount of memory strain).

A good example of active shape control is the work carried out at Cran-
field University, shown in Fig. 5.9. Here it is used to change the ‘angle
of attack’ of a glass reinforced plastic wing structure. By embedding just
two SMA wires at the root of a composite wing, (at an angle of 45° to the
major axis of the aerofoil), its angle of attack can be actively controlled in
real-time.
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Fig. 5.9 Active shape control of a model adaptive wing.

These examples illustrate the effects of not only varying level of actua-
tion within individual SMA actuators, but also the possibility of activating
actuators at different positions within the composites and in different vol-
ume fractions, to produce widely variable actuation/shape respouses.

5.12.2.3 Vibration Control

The second major area of interest in the application of SMA smart com-
posites is in vibration control. In smart materials vibration coutrol has
been a major area of investigation with particular emphasis on the use of
piezoelectric materials as high band-width, low-strain actuators. However,
there are applications where lower band-width high strain-output actuators
are required (e.g. for low frequency vibration control) and it is in this area
that one strategy employing SMAs has been developed. Vibration coutrol
in smart structures has traditionally involved the sensing of vibration {or
strain) within a structure, and the imposition of ‘anti-strain’ through a
closed loop control system. Such a use of SMAs essentially involves the
design of a suitable actuator and its control strategy, and work is well de-
veloped in a number of applications. However, there are other possible uses
of SMAs, most again associated with their use in advanced composites.
Conventional closed-loop feedback systems between strain sensors and
actuators can be used to create smart structural systems, but in no way
create truly adaptive materials. However, the incorporation of SMAs into
composite materials can produce such a functional composite. For exam-
ple, oue whose resonance frequencies can be varied by meaus of an external
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control variable. The approach here is not to strain-follow {to produce
vibration cancellation), as in the case of piezoelectric actuators, but to
modify composite properties such that resonance frequencies are actively
moved away from excitations present within a structure. It has already
been shown that effective bending stiffness can be modified by both APT
and ASET, and both approaches can also be used to control resonance
frequencies. APT can significantly modify the lower resonance modes of
isotropic CFRP plates; shifts of resonance to higher frequencies depending
on both the degree of activation (i.e. the effective stiffness change), the
orientation of the actuators, and volume fraction of actuator. SMA com-
posites controlled by APT not only result in shifts in resonance frequency,
but can also control mode shapes.

It will also be of no surprise that ASET can also control resonance
frequencies and mode-shapes. Doublings of the first natural frequency have
been reported using only 10 vol% SMA actuator incorporated in quasi-
isotropic CFRP laminates and ASET also directly modifies mode shapes.

5.12.2.4 Buckling Control

APT and ASET introduce in-plane loads into composite structures which
not only modify their apparent Hexural stiffness and modal responses, but
also alter buckling characteristics. For example, APT has been shown [49]
to increase buckling loads as a result of the NiTi’s higher Young’s Modulus
in the parent-phase. Modelling of ASET has also shown a wide range of
control options which depend on the orientation of the embedded actuators
(compared to that of the applied load).

In the case of buckling, some components more typical of aerospace
structures have also been considered. Finite element analyses of buckling
blade and T-stiffened panels have been carried out with and without NiTi
actuators providing control. Improved buckling [50] loads have been pre-
dicted for 1lst to 5th buckling modes, and show that at high actuation
strains, up to a 12% increase in load can be achieved for T-stiffened panels
and ~ 4% for the blade stiffened. If multiple actuators are placed in a blade
stiffened panel, increases in buckling lead can also be raised further.

5.12.2.5  Acoustic Radiation

In addition to the control of shape, vibration and buckling, APT and ASET,
have also shown potential for the control of acoustic transmission and ra-
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diation efficiency [49; 43]. Acoustically excited SMA reinforced composites
can adaptively change radiation efficiency, transmission loss and directiv-
ity patterns for transmitted sound. The main processes exploited in such
control have been to shift minima in transmission loss spectra, as well as
changing the radiation efficiencies associated with mode shapes. The latter
provides much promise for the control of sound radiation over a broad band
of frequencies and the former the possibility of ‘tuning’ acoustic panels.

5.12.2.6 Active Damage Control

The final area of current interest is the use of SMA actuators for active
damage control. This uses embedded sensors to detect the presence of
cracks or other damage within a structure and SMA actuators to prevent
propagation or damage becoming critical. Two main approaches have been
investigated. In the first prememorised SMA wires embedded within com-
posite materials are activated by heating. They attempt to return to their
memorised length and result in a change in the internal stress—strain dis-
tribution. This approach has been analysed [52; 53| and shows that the
recovery force under these conditions acts as a concentrated force at the
free edge of the SMA hybrid composites. Because of the low internal stresses
generated, this approach is not very effective [54] in influencing the stress-
intensity at a crack-tip unless the SMA actuator bridges a crack. In such
circumstances the crack surface then becomes a free surface, and the actu-
ator imparts a normal stress at the tip leadiug to closure and a reduction
in stress-intensity.

In a second concept, SMA wires with no memory are embedded into a
composite component. When a crack propagates and is close to or passes
through the embedded SMA actuators its stress-field results in a large strain
in the SMA actuators. This effectively primes the one-way memory effect
around the crack-tip. When these actuators are subsequently activated, a
recovery stress is generated only in the vicinity of the crack-tip, causing
reduction in stress-intensity. This approach relies on the deformation of
the matrix around the actuators since deformation is required to induce the
one-way effect. It has therefore been speculated [55] that this mechanism
will be much more appropriate for higher strain thermoplastic, rather than
brittle thermoset polymer matrices.
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5.13 Final Thoughts

This chapter has examined some of the issues associated with the fit of
shape memory alloys within smart technologies. The differentiating benefits
of certain shape memory properties offer real opportunities for innovation.
If this potential is ever going to be realised however, consideration should
be given to how these market opportunities can best be exploited.

Both reactive market opportunities and proactive technological oppor-
tunities need to be present for successful innovation through shape memory
alloys. It is interesting that the two markets exerting a pull on shape mem-
ory alloys are essentially concerned with utilising different memory effects.
That is, the major applications and patents within the medical sector are
concerned with superelasticity, whilst the smart structures researcher’s con-
cern is that of repeatable shape change in actuator applications.

Medical device manufacturers and smart structures researchers are re-
quiring higher performance and more functional materials and devices. De-
velopments in these areas are already exerting a pull on shape memory alloy
development and this is likely to intensify as the need for smart technologies
increases.
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