
Review

Recent developments in the research of shape memory alloys

Kazuhiro Otsuka*, Xiaobing Ren

Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki, 305-8573, Japan

Received 6 May 1998; accepted 10 June 1998

Abstract

Most of shape memory alloys are functional intermetallics. They are now practically being used for couplings, actuators, medical
guide wires etc., and are hopeful candidates for smart materials, which already exist. In the present paper, recent developments
within nearly 10 years on shape memory alloys and martensitic: transformations, on which shape memory e�ect and superelasticity

are based, were concisely reviewed. Since Ti±Ni alloys are the best practical shape memory alloys, we mostly discussed on the alloys,
but we discussed more general problems as well. Furthermore, we discussed the ductility and density of point defects in inter-
metallics, since they are important problems in intermetallics in general. At the end we introduced some recent applications of shape
memory alloys brie¯y. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Shape memory alloys (SMA) attracted much atten-
tion in recent years, since they are smart (or intelligent)
materials, as well as functional materials, which already
exist. Since the unique shape memory e�ect (SME) and
superelasticity (SE) realized in these alloys are caused
by the martensitic (or displacive) transformation (MT)
and its reverse transformation, we de®ne the char-
acteristic transformation temperatures as follows, as
usual;

Ms: martensite start temperature upon cooling;
Mf : martensite ®nish temperature upon cooling;
As: reverse transformation start temperature upon
heating;
Af : reverse transformation ®nish temperature upon
heating.

Then, SME and SE are characterized as follows,
using the above terminology. SME is a phenomenon
such that an apparent plastic strain given at a tempera-
ture belowAs recovers by heating to a temperature above
Af , by virtue of the (crystallographically) reversible

reverse transformation. SE, which is a pseudoelasticity
occurring at a temperature above Af , is caused by a
stress-induced martensitic transformation upon loading
and by the subsequent reverse transformation upon
unloading. The above crystallographic reversibility is
characteristic of the thermoelastic martensitic transfor-
mation, which is characterized by a small temperature
hysteresis (i.e. �T � Af ÿMs) and mobile parent-
martensite interfaces. Since most of SMAs are
ordered alloys or intermetallics, they are related to
the present journal in that respect. In the present
overview, we picked up the subjects in nearly recent
10 years, and we assumed that the readers have some
introductory knowledge on MT, SME and SE. For
those who are not familiar with those fundamentals,
please refer to Refs. [1±4] for MT, and Refs. [5±8] for
SME and SE.

In the following, the subjects are divided into three
Sections (2±4). In Section 2, recent developments in
Ti±Ni based alloys are discussed, since Ti±Ni based
alloys are most important SMAs and they are most
actively investigated. Besides, they are distinct from
other SMAs in various respects, such as in crystal
structure of martensite, elastic properties, mechanical
properties etc., as will be clear later. In section 3, more
general properties common to all SMAs are discussed,
and the applications of SMAs are discussed in the ®nal
chapter.
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2. Developments in Ti±Ni based Alloys

2.1. Phase diagram of Ti±Ni alloy system

Fig. 1 is a recent phase diagram of Ti±Ni alloy system
by Massalski et al. [9] Our interests are restricted in the
central region bounded by Ti2Ni and TiNi3 phases,
since the single phase ``TiNi'' (B2 type ordered phase)
transforms into a monoclinic phase martensitically. The
phase diagram in the above region have been con-
troversial for many years. The main problems are the
presence or absence of a eutectoid decomposition of
TiNi! Ti2Ni� TiNi3 at 630�C [10], and the assess-
ment on the nature of Ti3Ni4 and Ti2Ni3 phases, which
appear when a Ni-rich Ti±Ni alloy is heat-treated under
suitable conditions. However, the presence of the eutec-
toid reaction was denied, since no experimental evidence
was obtained to support it in recent studies. It was also
con®rmed by detailed studies by Nishida et al. [11] that
Ti3Ni4 and Ti2Ni3 are metastable phases when a Ni-rich
alloy is aged, and that the precipitation process occurs
in the following order with ageing time until reaches a
stable phase of TiNi3.

Ti3Ni4! Ti2Ni3! TiNi3

Thus, the phase diagram of Ti±Ni alloy system was estab-
lished as shown in Fig. 1. However, a slight modi®cation

was added to Massalski et al.'s in Fig. 1 as described
below. A dotted line at 630�C was deleted, and a dotted
line was added at 1090�C, which indicates BCC!B2
transition, following Honma [12]. Thus it is now possi-
ble to consider useful heat-treatments using this phase
diagram to improve shape memory (SM) characteristics.
The hardening of the parent phase by the precipitation of
Ti3Ni4 is useful to improve SM characteristics, since they
appear as thin plates in a densely dispersed manner, when
they are aged at low temperature (e.g. 400�C) [13,14]. The
crystal structures of Ti3Ni4 [15,16] and Ti2Ni3 [17]
phases were determined also. According to the phase
diagram in Fig. 1, it is not possible to expect the pre-
cipitation hardening by Ti2Ni phase, since the phase
boundary of TiNi phase on Ti-rich side is vertical and
there is no change in solubility limit with lowering tem-
perature. However, it becomes possible in Ti±Ni thin
®lms, which are sputter-deposited in amorphous state
®rst, and are then crystallized. This will be discussed in
Section 2.7.

2.2. Crystal structures of Ti±Ni based martensites

The structure of the parent phase of Ti±Ni alloy is B2
type ordered structure. The crystal structure of binary
Ti±Ni martensite has been controversial for many years
since the discovery of the phase in 1961. See Ref. [18] for
historical development. However, the structure was

Fig. 1. Phase diagram of Ti±Ni alloy by Massalski et al. The original phase diagram is slightly modi®ed such that a dotted line at 630�C for

eutectoid decomposition was deleted and a dotted line is added at 1090�C for order±disorder transition for TiNi. See text for more details [9].
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®nally determined by using the single crystal X-ray dif-
fraction method and by the least squares analysis [18].
The space group is P21/m with a monoclinic unit cell.
The lattice parameters and atomic parameters are given
in Ref. [18], and the structure is schematically shown in
Fig. 4(c). It is interesting to note that this monoclinic
martensite is quite distinct from most of the martensite
structures in b-phase alloys, which are long period
stacking order structures of close packed planes [1,4].
Although Ti±Ni alloys are often classi®ed as b-phase
alloys, the present authors [18] consider it inappropriate
to treat that way, since the electron/atom ratio (e/a) is
far from 1.5 in Ti±Ni alloys, which is required for the b-
phase alloy.

When 2±3 at% Ni is replaced by Fe or Al in the Ti±Ni
binary alloy, the R-phase transformation with a very
small temperature hysteresis (�2K) occurs prior to the
above martensitic transformation [19,20]. The same R-
phase transformation is realized in Ti±Ni binary alloys
by suitable thermomechanical treatments [21]. The
transformation is called the R-phase transformation,
since the lattice changes from cubic to rhombohedral
upon the transformation, i.e. the rhombohedral lattice is
obtained by elongating the cubic lattice along h111iB2
(see Fig. 2). This transformation is very useful for
actuator applications, since it is associated with a very
small temperature hysteresis, as described above. This
structure has also been controversial for many years,
but it has recently been determined by the combination
of various techniques such as electron di�raction, X-ray
powder method etc. [23]. The space group is P3, which
has no center of symmetry, and the lattice parameters
and atomic parameters are given in Ref. [23]. The
structure is very similar to that of �02 martensite in a Au±
Cd alloy [24]. See Refs. [23,25] for historical develop-
ments.

2.3. Premartensitic phenomena

Nucleation mechanism of martensite is a long-stand-
ing problem. Premartensitic phenomena to be described
below attract attention in this respect. Some thermo-
elastic alloys exhibit signi®cant change in physical
properties in certain elastic constants and phonon dis-
persion curves in the parent phase with decreasing tem-
perature, e.g. in most of b-phase alloys the elastic
constant c0=1/2 (c11ÿC12) decreases with decreasing
temperature toward Ms [26]. When the change in the
parent phase is important for the subsequent martensi-
tic transformation, it is called a premartensitic phe-
nomenon. These phenomena are interesting in Ti±Ni
based alloys as well, but the measurements were rather
few in the past [27±29], since single crystals are not
easily available in Ti±Ni alloys. In the following, we
introduce recent measurements of various elastic con-
stants as a function of temperature for Ti±30Ni±20Cu

and Ti±50Ni single crystals, in which the former trans-
forms from B2 to B19 (orthorhombic), while the latter
from B2 to B190 (monoclinic) (Fig. 3) [30]. We immedi-
ately notice from the ®gure that both c0 and c44 decrease
with decreasing temperature toward Ms. Of course, this
temperature dependence is opposite to that of ordinary
non-transforming materials. Here c0 represents a resis-
tance for {110}h1110i shear, and c44 a resistance for
{001}h100i shear, which is also equivalent to a resistance

Fig. 2. Lattice change associated with the R-phase transformation. (a)

The B2 type parent phase and (b) the R-phase [22].

Fig. 3. Temperature dependence of (a) c0, (b) c44, (c) anisotropy factor

and (d) c11, c12, B for Ti±30Ni±20Cu and Ti±50Ni alloys [30].
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for {001}h1�10i shear. Fig. 4 shows a structural relation-
ship between B2 parent and B19 martensite, and B190

martensite. By comparing Fig. 4(a) and (b), it is clear
that {110}h1�10i shear is necessary to create B19 structure
from B2 parent structure. Thus, the softening in c0 assists
the structure change from B2 to B19. However, for the
structural change from B2 to monoclinic B190,
{110}h1�10i shear above is not enough. Instead
{001}h1�10i shear is also necessary, as seen from Fig. 4(c).
Thus, the simultaneous softening in c0 and c44 assists the
transformation from B2 to B190 monoclinic martensite.
Thus the present authors recently proposed that the
appearance of B190 monoclinic martensite is due to the
softening in c44, as described above [31]. However, you
will notice soon that although c44 softens with decreas-
ing temperature both in Ti±50Ni and Ti±30Ni±20Cu,
only the former transforms into monoclinic martensite
and the latter into orthorhombic one. This point is

rationalized as follows. According to Fig. 4(c), the ani-
sotropy factor A=c44/c

0 decreases with decreasing tem-
perature in Ti±50Ni, while it increases with decreasing
temperature in Ti±30Ni±20Cu. i.e. c0 and c44 become
comparable in the former, while c0 becomes dominant in
the latter with decreasing temperature. The authors
think that this di�erence makes the di�erence in mar-
tensite structures between monoclinic and orthorhombic
[31]. In short, the appearance of the unique monoclinic
martensite in Ti±Ni alloys are due to the very low ani-
sotropy factor and its temperature dependence, where A
decreases with decreasing temperature toward Ms. Some
interesting results are being obtained on the relation
between phonon softening and the structural change.
See also Ref. [26,32] for elastic constants behavior in b-
phase alloys.

2.4. Ti±Ni±X (X=Cu, Nb etc.) ternary alloys

To change transformation temperature, physical
properties or mechanical properties, various ternary
alloys are being developed. Among these, Ti±(50ÿx)Ni±
xCu and Ti±Ni±Nb alloys are most important from the
reasons described below.

The addition of Cu exhibits various interesting e�ects
as shown in Figs. 5 and 6 [33]. Firstly, there is no
appreciable change in the transformation temperature
with change in Cu content. Secondly, the transformation
type changes with increasing Cu content; Cu47.5:

Fig. 5. E�ect of Cu content on the martensitic transformations of Ti±

(50ÿx)Ni±xCu alloys [33].

Fig. 4. Structural relationship among cubic parent phase (B2) and two

kinds of martensites B19 and B190. (a) The parent B2 cells with a FCT

cell outlined, where close-packed planes or basal planes are indicated

with thin dashed lines; (b) orthorhombic martensite B19, formed by

shear/shu�e of the basal plane (110)B2 along [1�10]B2 direction; (c)

monoclinic B190 martensite of Ti±Ni, formed by a non-basal shear

(001)[1�10]B2 to the B19 structure to produce a monoclinic b angle [31].
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B2!B190, 7.5<Cu415: B2!B19!B190, Cu515:
B2!B19 only. The B2!B19 transformation is asso-
ciated with a smaller temperature hysteresis than that
for B2!B190, and the transformation hysteresis
becomes smaller with increasing Cu content. In this
respect, Ti±Ni±Cu alloys are useful for actuator appli-
cations. With respect to the temperature hysteresis, the
above mentioned R-phase transformation is associated
with the smallest temperature hysteresis, but the asso-
ciated shape memory strain is also small (�1%). How-
ever, the Ti±Ni±Cu alloys are associated with larger
shape memory strains as shown in Fig. 6, and they can
be used at a slightly higher temperature range compared
to those of the R-phase transformation.

When SMAs are used for actuator applications,
smaller temperature hysteresis is desirable, as stated
above. However, when they are used for coupling
applications, larger temperature hysteresis is better,
because the deformed couplings in the martensitic state
can be stored easily at room temperature. In this
respect, Ti±Ni±Nb alloys are most useful, especially
because the As temperature is raised signi®cantly when
the alloy is deformed in the martensitic state. However,
this mechanism will be discussed in more general terms
in Section 3.3. See Refs. [34±36] for more details on Ti±
Ni±Nb alloys.

2.5. Twinning in Ti±Ni martensites

Twinning in martensites are very important with
respect to martensite crystallography and deformation

modes. The crystallography of B2!B190 transforma-
tion was studied in detail based on ``the phenomen-
ological theory of martensitic transformations'', and it
is not repeated here [37]. The self-accommodation
mechanism by the combination of multiple martensite
variants, is also studied for both B2!B190 [38] and B2-
R [39] transformation. Although the self-accommoda-
tion of the R-phase is well understood, that of B190 is a
little controversial.

Table 1 lists various twinning modes in B190 marten-
site. It is interesting to note that there are many twin-
ning modes. This is because the symmetry of the
martensite is lower than ordinary martensites. Among
these, h011i Type II twinning is most important, since it
is the lattice invariant shear in the B2!B190 martensite
crystallography, which is necessary to make the parent-
martensite interface macroscopically invariant [37,41].
Type II twinning is characterized by an irrational K1

(twin) plane, and the two twin crystals are related by a
rotation of � around �1 axis (i.e. twinning shear direc-
tion). There is a suggestion that the irrational K1 plane
consists of rational ledges and rational steps [41]. How-
ever, in the high resolution electron micrograph of
Fig. 7, which was taken in the unique axis of �1, we can
not see a ledge nor a step [42]. We think that the Type II
twin interface is irrational even on a microscopic scale,
and the twinning strain is accommodated elastically at
the interface [42,43].

2.6. Ductile nature of intermetallic Ti±Ni alloys

The ductility of Ti±Ni alloys is quite remarkable
among many intermetallics, which are usually brittle. As
typically shown in Fig. 8 elongation more than 50% is
easily obtained. Thus, the discussion will be useful for
improving ductility in other intermetallics. The tem-
perature dependence of elongation is important, as
shown in Fig. 9. It indicates that elongation becomes
maximum around the Ms temperature. This is a clear
manifestation that the high ductility is closely related
with the presence of the martensitic transformation. We
now raise various factors, which assist the high ductility
in the alloy system.

1. There are 24 habit plane variants upon stress-
induced martensitic transformation. This means
that there are 24 deformation modes upon stress-
induced transformation.

2. There are many twinning modes in the martensite,
as listed in Table 1.

3. Anisotropy factor A is as low as �2 in Ti±Ni
alloys. Thus the grain boundary fracture due to
elastic anisotropy may be avoided.

4. Grain size is usually very small. Typically �30 mm.
This is in sharp contrast to those of b-phase alloys,
which are typically �1mm.

Fig. 6. Elongation(e)-temperature(T) curves under the nearly same

load (about 40MPa) for Ti±(50ÿx)Ni±xCu alloys [33].
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5. The critical tensile stress for slip is very low at Ms

(less than 50MPa), while that in the parent phase
for the same single crystal is about 400MPa [45].

In fact, the combination of these factors make the Ti±
Ni very ductile, e.g. If only the item 1 is important, then
we can expect that all b-phase alloys exhibiting the

martensitic transformation are ductile. However, most
of the b-phase alloys are quite brittle, because the ani-
sotropy factor is usually as high as 10±15, the grain size
are large and the critical stress for slip are usually high.
Thus, we can now understand that the ductility of Ti±Ni
alloy system is based on the availability of these various
factors.

According to Fig. 9, the ductility decreases at high
temperatures in the parent phase signi®cantly, but it is
still higher (�20%) compared to those of most inter-
metallics. Since stress-induced transformations and
twinning in martensites do not contribute to ductility at
such high temperatures the high ductility may be
explained as follows. Firstly, items 3 and 4 are still valid
at high temperatures. Secondly, we focus attention on
the low value of elastic constant c44 in Ti±Ni based
alloys, which was shown in Fig. 3(b). In fact, c44 in Ti±
Ni based alloys are smaller than 1/3 of that of other B2
type intermetallics with similar melting point such as
Ni±Al. The abnormally low c44 leads to a low Peierls
stress for {110}h001i slip system, which is the operating
system in Ti±Ni alloy [46]. Thus, the combination of
items 3 and 4, and the low value of c44 may be the origin
for the high ductility at high temperatures. Besides,
there is a report that {112} and {114} twinning modes

Table 1

Twinning modes of Ti±Ni martensite [40]

Twinning mode K1 Z1 K2 Z2 s Sol.a

{�1�11} (�1�11) [0.54043 0.45957 1] (0.24695 0.50611 1) [�2�11] 0.30961 yes

Type I (�111) [0.54043 0.45957 1] (0.24695 0.50611 1) [�211] 0.30961 yes

{111} (111) [1.51172 0.51172 1] (0.66875 0.33750 1) [211] 0.14222 no

Type I (1�11) [1.51172 0.51172 1] (0.66875 0.33750 1) [2�11] 0.14222 no

{011} (011) [1.57271 1 �1] (0.72053 1 �1) [011] 0.28040 yes

Type I (01�1) [1.57271 1 1] (0.72053 1 1) [01�1] 0.28040 yes

h011i (0.72053 1 �1) [011] (011) [1.57271 1 �1] 0.28040 yes

Type II (0.72053 1 1) [01�1] (01�1) [1.57271 1 1] 0.28040 yes

Compound (001) [100] (100) [001] 0.23848 no

(100) [001] (001) [100] 0.23848 no

a Existence of a solution for the phenomenological crystallographic theory.

Fig. 7. High resolution electron micrograph of h011i Type II twin

boundary taken from the Z1(//[011]) unique axis. See text for details

[42].

Fig. 8. Tensile stress±strain curves of Ti±50.6Ni alloy deformed at

243K (>Af). Dotted lines represent the recovered strain upon heating

to 373K. The symbol (x) represents the fracture point [44].

Fig. 9. Temperature dependence of the elongation of Ti±51Ni alloy

[45].
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are present even in the parent phase [47], which increase
the available deformation modes. Apparently these also
assist to increase in ductility in the parent phase. How-
ever, there may be a possibility that these twins were
introduced by stress-induced transformation, since
mechanical twinning in ordered alloys do usually not
operate easily [48,49]. These points should be examined
more carefully.

2.7. Ti±Ni thin ®lms

By the expected applications for microactuators and
micromachines, various techniques were tried for the
fabrication of Ti±Ni thin ®lms, including rapid quench-
ing technique [50], and it is now possible to make thin
®lms rather easily by magnetron sputtering technique
[51±65]. Thus active investigations are being done on the
microstructures and mechanical properties. In the mag-
netronsputtering technique, Ti±Ni alloys are used as a
target, and the composition is adjusted by placing Ti
plates on the target, and the substrate is either a glass or
a quartz plate. The characteristic of the Ti±48.7 at%Ni
®lm thus made is shown in Fig. 10, as an example. The
as-sputtered ®lm on a glass substrate at 523 k is in
amorphous state. When the ®lm is heated to a tem-
perature above the crystallization temperature (�723 k),
it crystallizes, and then it exhibits the martensitic trans-
formation. In the present case, the crystallization treat-
ment was done at 973 k for 1 h. The data in the ®gure
are temperature-elongation curves under constant
stress, e.g. Under 30MPa, 1% elongation is obtained by
the martensitic transformation between Ms and Mf .
Upon heating this strain is recovered. This is the shape
memory e�ect. We notice that the strain increases with
increasing stress. This is because particular variants
favorable to the stress are stress-induced under higher
stress. Under high stresses, the strain upon cooling and
that upon heating becomes unequal. This is due to the
introduction of slip in the reverse transformations [66],

i.e. SME becomes incomplete under higher stresses. The
shape memory characteristics and the transformation
behavior in thin ®lms are similar to those in bulk mate-
rials. However, the ®lms crystallized from amorphous
state have very small grain size (�mm to sub-mm), and
thus have good mechanical properties. Furthermore,
since the as-sputtered ®lms are in amorphous state, they
can absorb solute atoms more than the solubility limit.
Thus, it is possible to control microstructures by pre-
cipitation on Ti-rich side also. We will introduce an
interesting case in that respect as follows.

According to the phase diagram of Fig. 1, the solubi-
lity limit of Ni increases with increasing temperature on
Ni-rich side. Thus, it was possible to strengthen the
parent phase of Ti±Ni by utilizing the metastable Ti3Ni4
precipitate, and this technique was practically utilized to
improve the shape memory characteristic of Ni-rich Ti±Ni
alloys in bulk [13,14]. On the other hand, the precipitation
hardening could not be used on Ti-rich side, since the
solubility limit does not change with temperature. How-
ever, since it is possible to absorb Ti freely (i.e. more
than the concentration of the solubility limit in crystal-
line state) in amorphous state, it is possible to use the
precipitation hardening even on Ti-rich side, if the Ti-
rich alloy is solidi®ed in amorphous state, followed by
crystallization and ageing. Furthermore, it was found
recently that Ti-rich GP zones precipitate along
{100}B2 planes [56,61,62] (Fig. 11), if the ®lms are crys-
tallized at low temperatures, although the equilibrium
precipitate is Ti2Ni phase, and the shape memory char-
acteristics improve greatly by that precipitation hard-
ening [61]. As an example, the case for Ti±48.2 at%Ni
alloy is shown in Fig. 12, which is to be compared with
Fig. 10. It is easy to see that the shape memory strain
and the stress, for which SME is observed, is improved
greatly. Although there are more interesting points for

Fig. 10. Strain-temperature curve of Ti±48.7Ni thin ®lm under various

constant loads. Crystallization and solution-treatment were carried

out at 973K for 3.6Ks [53].

Fig. 11. High resolution TEM image of a sputter-deposited Ti±

48.5 at%Ni thin ®lm annealed at 773K for 600 s, observed along [001]

direction of B2 parent phase. GP zones coherent to the B2 matrix are

present along (100) and (010) planes [67].
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this precipitation on Ti-rich side, refer to the original
papers for those.

Thus, it has become possible to make Ti±Ni thin ®lms
with good mechanical properties, but one problem for
practical use is the control of the composition of thin
®lms [65]. Since it seems that the composition is di�er-
ent even on the same substrate and the transformation
temperature is very sensitive to composition, composi-
tion control will be an important problem in the future.
Furthermore, for the application to micromachines, the
substrate must be Si chips. Thus, how to avoid the con-
straint due to the large di�erence in the thermal expan-
sion coe�cient of the thin ®lm and substrate will be the
second problem [65]. As the third, we expect further
development of applications of thin ®lms, since many
applications are not disclosed as yet [68].

3. Developments in shape memory alloys in general

3.1. Defect densities in intermetallicsÐare there any
constitutional vacancies in intermetallics?

As mentioned earlier, most of SMAs are in fact
intermetallic compounds (shape memory intermetallics)

because they are ordered alloys and many of them
remain ordered near to the melting temperature (e.g.
Ti±Ni, Au±Cd, etc.). Therefore, point defects we discuss
here include both vacancy and anti-site defect (ASD).

In comparison to the relatively recent knowledge
about the role of point defects on mechanical properties
of structural intermetallics for high temperature appli-
cations [69], the important role of point defects in shape
memory intermetallics has been widely known for many
decades, because they strongly a�ect nearly all aspects
of martensitic transformation. This is evidenced by the
strong dependence of Ms temperature, transformation
hysteresis, and even the structure of martensite, on the
concentration of point defects, which can be varied
either by composition change or by heat-treatment (e.g.
quenching). For example, in many alloys (e.g. Cu±Zn, Ti±
Ni, Cu±Al, Fe±Pd,. . .) only 1 at% change in composition
varies the Ms temperature by as much as tens of or even
over a hundred degrees. Sometimes a very small change
in composition can even change the resultant martensite
structure (e.g., Au±47.5Cd and Au±49.5Cd have di�erent
martensite structure). Quenching also gives rise to
strong change in transformation temperature and even
change in martensite structure, as well as an increase in
transformation hysteresis. Point defects also play a cen-
tral role in determining the puzzling martensite aging
e�ect, which will be discussed in the next section.

Lattice dynamics plays a key role in martensitic
transformations, as manifested by frequently observed
lattice softening prior to martensitic transformation
[70,71] Therefore, we expect that the e�ect of point
defects on MT must stem from their in¯uence on lattice
dynamics through changing elastic constants and phonon
energies, as well as anharmonic energies. A typical exam-
ple of this has been given in Section 2.3, which showed
how an addition of Cu to Ti±Ni changes the elastic con-
stants and ultimately the structure of martensite.

Despite the importance of point defects, quantitative
information about their concentrations and composi-
tion dependence in SMAs (intermetallics) is rare. This
may be due to the experimental di�culty in measuring
defect concentrations. Only Au±Cd furnace-cooled b2
alloy has been measured systematically in its whole
homogeneity range (Cd=46�52 at%) [72], as shown in
Fig. 13. The vacancy concentration is determined by a
combination of density measurement and x-ray lattice
parameter determination, and the concentrations of
other defects (Au±ASD and Cd±ASD) are determined
by best-®tting the experimental vacancy-composition
relation with a theoretical model. A notable fact from
this result is that vacancy concentration in slow-cooled
Au-Cd is rather high (>10ÿ3), and is extremely high on
Cd-rich side (�10ÿ2), compared with that in pure metals
or disordered alloys even in their quenched state. This
feature is common to many intermetallics with the open
B2 structure.

Fig. 12. Strain-temperature curves of Ti-±48.2Ni thin ®lm under var-

ious constant stresses containing GP zone precipitates. The specimen

was heat-treated at 745K for 1 h, which is slightly above the crystal-

lization temperature 737K [61].
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Intermetallics are usually divided into three distinct
types according to their defect types [73]: triple defect
(TRD) type, ASD type and hybrid type. For TRD type
intermetallics (e.g. Ni±Al, Co±Al, Fe±Al) vacancy is
thought to be a necessary constituent to stabilize the B2
structure, thus a very high concentration of vacancy is
considered to be stable down to absolute zero. The
minimum vacancy concentration z for TRD inter-
metallics is z � 2x on one side from stoichiometry
(where x is the composition deviation from stoichio-
metry) as shown by the Bradley±Taylor (BT) [87] line in
Fig. 1. Such stable vacancy is usually called `constitu-
tional vacancy'. On the other hand, in ASD type and
hybrid intermetallics vacancy is unstable at low tem-
peratures, thus its concentration is below BT line. Au±Cd
apparently belongs to the hybrid type and it contains a
large amount of frozen-in vacancy.

For over 60 years it has been widely believed that
TRD intermetallics such as Ni±Al, Co±Al and Fe±Al
contain constitutional vacancies. However, recent care-
ful measurements on these intermetallics found that
even these `typical' TRD intermetallics have vacancy
concentration appreciably below the BT-line [74±76],
which is the lower limit for constitutional vacancy to
exist. This behavior is qualitatively similar to the case of
Au±Cd. This clearly suggests that vacancy is unstable at
low temperature, thus gives a strong challenge to the
notion of constitutional vacancy. Based on these
experimental ®ndings, we showed that no constitutional

vacancy exists in any intermetallics, and the di�erence in
vacancy-frozen temperature (which depends on ordering
energy) gives rise to three apparently di�erent types of
intermetallics [77].

3.2. Martensite aging e�ectÐstabilization and rubber-like
behavior

Martensite aging e�ect is a puzzling phenomenon
unclear for over 60 years, and has been found in Au±Cd,
Au±Cu±Zn, Cu±Zn±Al, Cu±Al±Ni, and In±Tl. It involves
two time-dependent phenomena during martensite
aging. One is called martensite stabilization, the other is
called rubber-like behavior (RLB). Martensite stabili-
zation refers to the phenomenon that martensite
appears to be more stable with respect to the parent
phase during aging so that the reverse transformation
temperature is increased. The rubber-like behavior
refers to the phenomenon that martensite exhibits a
recoverable or pseudo-elastic deformation behavior
after aging together with an increase in critical stress, as
exempli®ed in Fig. 14(A). The most puzzling problem
with the RLB is why there should exist a restoring force,
because martensite deformation involves only twinning
and there is no phase transformation involved, unlike
that of superelasticity of the parent phase due to stress-
induced martensitic transformation. The microstructure
change underlying the RLB is a reversible one, that is,
the original martensite domain pattern is recovered after

Fig. 13. Composition dependence of point defect (vacancy/ASD) concentrations for Au±Cd alloys [77]. Experimentally measured vacancy con-

centrations are shown with square symbol [72].
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unloading Fig. 14(B) (The term `variant' is more com-
mon than `domain' in the ®eld of martensite. However,
the former is used in the present paper for easy under-
standing of non-specialists.). This is even true for single-
domain martensite which does not contain twin bound-
aries, [78], suggesting that the RLB is not a boundary
e�ect. The central question concerning the martensite
aging e�ect is: what is occurring during martensite
aging, which gives rise to stabilization and the RLB?

In past decades, there have been numerous studies
trying to clarify the origin of the martensite aging e�ect
(see Ref. [79] for a recent review). However, a general
mechanism applicable to all martensites was not found.
For example, the existence of aging e�ect in single
domain martensite [80,81] (i.e. without twin boundary)
proved that the boundary-pinning mechanism is inap-
propriate. Many previous studies using Cu-based alloys
concluded that some structure change (more or less
depending on model) during aging in martensite is
necessary to cause the aging e�ect. However, marten-
sites of these alloys are unstable (i.e. not equilibrium
phases), and thus they have an inborn tendency to
decompose simultaneously during aging. Therefore, the
observed structure change may be just due to the inad-

vertent decomposition, while aging itself may be inde-
pendent of the decomposition. Recent extensive
experiments on stable martensites Au±Cd [78,82] and
Au±Cu±Zn [83] (without decomposition problem) proved
that aging develops even without any detectable change
in average martensite structure (Fig. 15). This seemingly
perplexing result is in fact very natural, since the aver-
age structure of an equilibrium or stable phase is not
expected to depend on time (aging). Then the remaining
puzzle is how a signi®cant change in mechanical prop-
erties and transformation behavior can be realized
without lending to average structure change. Ahlers et
al. tried to explain the aging e�ect by a short range
ordering (SRO) model [84] which was later extended
further by Marukawa and Tsuchiya [85], but the occur-
rence of such SRO would necessarily lead to some
atomic exchange between di�erent sublattices of mar-
tensite and thus lead to appreciable change in long
range order or average structure of martensite.
Obviously, this contradicts experimental results.

The answer to this puzzle was given very recently by
Ren and Otsuka [86]. They showed that the aging phe-
nomena stem from a general tendency that the sym-
metry of short-range order con®guration of point
defects tries to conform or follow the symmetry of the
crystal. This is named symmetry-conforming short-
range order principle (or SC±SRO principle) of point
defects, and is applicable to any crystal containing point
defects.

The SC±SRO principle gives a general and simple
explanation to the aging phenomena. Fig. 16(a) shows a
two-dimensional A±B binary imperfectly-ordered parent
phase with four-fold symmetry. Because of the four-fold
symmetry of the structure, the probability of ®nding a B
atom about the A atom (or B atom) must possess the

Fig. 14. Demonstration of the rubber-like behavior. (A) Represents

the change of stress±strain curves of a furnace-cooled Au±47.5Cd alloy

(a single crystal in the parent phase) after aging in martensite for var-

ious times t. (B) Represents the change in twin patterns of the mar-

tensite during loading and unloading of the martensite after aging for

more than 24 h.

Fig. 15. X-ray pro®les of (242) Bragg re¯ection of Au±47.5 at%Cd

martensite after aging for short (1.15 h) and long (28.45 h) time,

respectively. No perceptible change in peak position and integrated

intensity was found during aging. However, a delicate change in the

symmetry of the pro®le was found to develop during aging, as mani-

fested by the di�erence of the two pro®les [82].
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same four-fold symmetry according to SC-SRO princi-
ple, i.e., P1

B=P2
B=P3

B=P4
B, and P5

B=P6
B=P7

B=P8
B,

etc., where Pi
B (i=1,2,3,. . .) are conditional probabilities,

as de®ned in Fig. 16.
When the parent phase shown in Fig. 16(a) trans-

forms di�usionlessly into martensite, all the prob-
abilities must remain unchanged despite the symmetry
change, as shown in Fig. 16(b). That is, P1

B=P2
B=

P3
B=P4

B, and P5
B=P6

B=P7
B=P8

B, etc.. However, this
high-symmetry con®guration is no longer a stable con-
®guration for the lower symmetry martensite structure
according to the SC±SRO principle. Then during aging,
such a con®guration gradually changes into a stable one
that conforms to martensite symmetry, as shown in
Fig. 16(c). Because the equilibrium martensite structure
should be maintained (for stable martensite), this pro-
cess proceeds by atomic rearrangement or relaxation
within the same sublattice. This is the only way that a
martensite can lower its free energy without altering the
average structure (equilibrium phase).

When the stabilized (or aged) martensite [Fig. 16(c)] is
deformed, it changes into another domain (or twin) as a
result of the accommodation of the strain. Because this
twinning process is also di�usionless, the atomic occu-
pation probabilities shown in Fig. 16(c) is inherited to
the new domain, as shown in Fig. 16(d). Such a con®g-
uration, however, is not the stable one for the new
domain, which is shown in Fig. 16(e). Therefore, a
driving force that tries to restore the original domain

[Fig. 16(c)] engenders. When the external stress is
released immediately after the loading, this restoring
force reverts the new domain [Fig. 16(d)] to the original
one [Fig. 16(c)] by detwinning. This is the origin of the
rubber-like behavior. If the stress is held for some time,
atomic con®guration in Fig. 16(d) have enough time to
change into a stable con®guration [Fig. 16(e)], then no
RLB will occur.

When the stabilized martensite [Fig. 16(c)] is heated
up and transforms back (di�usionlessly) into the parent,
the stable SRO con®guration for the martensite is
inherited into the parent [Fig. 16(f)]. From the above-
mentioned symmetry-conforming principle of SRO, it is
obvious that Fig. 16(f) is not a stable con®guration for
the parent. From a thermodynamic point of view, this
corresponds to an increased reverse transformation
temperature. This is the origin of martensite stabiliza-
tion.

The SC±SRO model can be easily extended into dis-
ordered alloys by considering the existence of only one
sublattice. In this case, the present model reduces to
Christian's model [88], which was later elaborated by
Otsuka and Wayman [6]. This model explained the
rubber-like elasticity in disordered alloys such as In±Tl.

The largest advantage of the SC±SRO model com-
pared with previous models is its generality. It not only
explains why aging does not cause a change of average
structure of martensite, but also uni®ed the origin of
aging e�ect for both ordered and disordered martensites.

Fig. 16. Mechanism of the rubber-like behavior and martensite stabilization phenomenon. The illustrations show the statistical atomic con®guration

(conditional probabilities around an A atom) of an imperfectly-ordered AB compound in, (a) equilibrium parent phase; (b) martensite immediately

after transformed from (a); (c) equilibrium martensite; (d) stress-induced martensite domain (twin) immediately formed from (c); (e) equilibrium

state of the stress-induced domain; and (f) parent immediately transformed from (c), respectively. P: the parent phase, and M: martensite. Pi
B (or

Pi
A) is the conditional probability of B atom (or A atom) occupying i-site (i=1,2,3,. . .8) if an A atom is at O-site. The relative values of Pi

B and Pi
A

are indicated by the black and grey areas, respectively [86].
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The generality of the model lies in that it makes use of
only two general features of martensitic transformation
and aging: di�usionless symmetry-change upon mar-
tensitic transformation and (short-range) di�usion of
point defects during aging. In line with this reasoning, it
can be deduced that the existence of point defects and
possibility of di�usion in martensite are two necessary
conditions for aging phenomena. The existence of point
defect is generally satis®ed by alloys, but the possibility
of di�usion in martensite depends on the reduced mar-
tensitic transformation temperature Ms=Tm, where Ms

and Tm are martensite start temperature and melting
point of the alloy. The higher this reduced temperature
is, the faster di�usion in martensite becomes. If this
value is too low, aging phenomena are too slow to be
observed; if this value is too high, aging is so fast that
aging actually completes immediately after the marten-
sitic transformation, thus the time-dependence of aging
may not be observed. As shown in Table 2 [79], Ti±Ni
alloy belongs to the former case, and In±Tl belongs to
the latter. Other shape memory alloys are in-between.
Thus we give an answer to an important problem as to
why some alloys show strong aging e�ect, while others
show little. The absence of martensite aging e�ect in Ti±
Ni shape memory alloys [91] is very interesting, because
this property is desirable for most applications of
SMAs. The reason, as stated above, is very simple. This
reminds us that the most e�ective way to develop SMA
without aging e�ect is to choose alloys with low Ms=Tm

value. This can be realized by (i) using SMA with a low
Ms, or (ii) using SMA with high Tm. Since the ®rst
method are usually restricted by application purpose,
using alloys with high melting temperature becomes the
most e�ective method. Therefore, the development of
SMA without aging e�ect should focus on alloys with
high Tm, because it is not possible to stop di�usion in
martensite for alloys with low Tm. From Table 2, we
suggest that a low Ms=Tm ratio (<0.2) is necessary in
order to avoid the aging e�ect. It is an important
guideline to design SMAs without the unwanted aging
e�ect.

For more details on martensite aging e�ect, interested
readers may refer to Refs. [6,89,90] for review of early
work, and to Ref. [79] for a review of recent develop-
ment.

3.3. E�ect of deformation on martensitic
transformations

When we use SMA for actuator applications, we need
SMA with smaller temperature hysteresis, while when
we use it for coupling applications, a larger temperature
hysteresis is better. In 1986 Melton et al. [34] found that
the deformation of Ti±Ni±Nb alloy in the martensitic
state raised the Af temperature greatly, and thus increa-
ses temperature hysteresis greatly, and they applied this

technique for pipe couplings. The mechanism for As

increase by the deformation of martensite was explained
later by the present authors [36] as follows, and it was
shown that the e�ect is characteristic of not only Ti±Ni±
Nb but also of all thermoelastic alloys. It is well-known
that elastic energy is stored upon martensitic transfor-
mation. This elastic energy resists the forward transfor-
mation upon cooling, but the fact simply means that the
same elastic energy assists the reverse transformation
upon heating. In a more quantitative manner, Olson±
Cohen [92] derived the following equation for a ther-
moelastic martensitic transformation by considering a
thermoelastic equilibrium.

�gch � 2�gel � 0

�gch �gm ÿ gp

ÿ
gm and gp are free energy per unit

volume in martensite and in parent; respectively
�

�gel : elastic energy stored around martensite:

This equation means that the half of the chemical
energy di�erence between parent and martensite is
stored as elastic energy. Thus, in a thermoelastic trans-
formation, the As temperature is considered to be low-
ered from the value characteristic of the material itself
due to the presence of the elastic stored energy. Thus, if
we release this elastic energy by some means, we can
expect that the As temperature returns to the original
high value. To prove that idea, the experimental result
carried out for a most simple system of a Cu±Al±Ni sin-
gle crystal is shown in Fig. 17(a). Fig. 17(a) indicates As

when the specimen is subjected to a normal heating-
cooling cycle. Fig. 17(b) indicates the case when it is
cooled normally to multi-variants of martensite, fol-
lowed by tensile testing to a single variant of martensite,
and then subsequently reverse transformed by heating.
Obviously As is raised under this condition. The reason
why the As is raised is due to the fact that the strains in
the multi-variant martensites were released from the
surface of the specimen in the process of single crystal-
lization by tension. If the specimen is once again cooled,
theAs returns to the original value as shown in Fig. 17(c),

Table 2

Relationship between the reduced martensitic transformation tem-

perature Ms=Tm and the rate of martensite aging (RLB) at room

temperature [79]

Alloy Ti±Ni Cu±Al±Ni Cu±Zn±Al Au±Cd In±Tl

Ms/Tm �0.19 �0.23 �0.27 �0.34 0.50�0.79
Aging time for

RLB at RT

�1 �10 months �5 h �0.5 h <1 s
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since the specimen becomes multi-variant upon the sec-
ond cooling. In the case of polycrystalline specimen, the
strains can not be released from the surface. Instead the
strains are released by the introduction of slip, but the
process can be explained in a similar manner. Please
refer to the original paper for more details [36]. In short,
when a specimen is deformed in the martensitic state, As

and Af increase, but when it experiences a complete
reverse transformation upon heating, As and Af return
to the original value upon the subsequent cooling. The
understanding this e�ect will be useful in the discussion
of the next section.

3.4. High temperature shape memory alloys

Although Ti±Ni alloys exhibit the best shape memory
characteristics amongmany SMAs, as discussed in Section
2.6, they can be used up to 373K at most. However, if
SMAs, which can be used at higher temperatures, are
developed, applications of SMAs will be much widened
such as in engines of automobiles and in turbines of air
planes etc. As such possible SMAs, we can raise Cu-
based SMAs such as Cu±Zn±Al and Cu±Al±Ni, Ni±Al,

Ti±Ni (Zr, Hf) and Ti±Pd alloys. Among these, Cu-based
alloys are not easy to keep the stable parent phase, since
Cu-based alloys tend to decompose into other phases
easily. Ni±Al alloys are attractive, since they are not
expensive and the Ms temperature may be raised up to
1200K, depending upon the composition [93]. However,
they are brittle, and the martensite tend to transform
into the Ni5Al3 phase instead of reverse transforming
into the parent phase upon heating [94]. On the other
hand, there are some reports to improve the ductility by
precipitating a ductile FCC phase by the addition of Fe
as a ternary element [95]. The addition of Zr or Hf to
Ti±Ni alloys to raise the transformation temperature is
also attractive, since Zr or Hf are relatively less-expen-
sive. However, a brittle phase easily appear depending
upon the composition, and thus it is not certain whether
they can be used as practical SMA or not [96]. On the
other hand, a Ti±50Pd alloy has Ms as high as 823K,
and the Ms temperature can be changed widely by
replacing Pd with Ni, as shown in Fig. 18. Thus, Ti±Pd±
Ni alloy system has been expected to be a hopeful can-
didate for high temperature SMA [98±100]. From this
reason, we introduce the development of Ti±Pd±Ni
SMAs in some detail in the following.

Although Ti±Pd±Ni alloys were expected as possible
candidates for high temperature SMAs for many years,
the actual assessments of SM characteristics at high
temperature were very few until recently, since the
assessment of SM characteristics at high temperature is
not easy. Fig. 19 shows one example of stress-strain
curves at various temperatures for a Ti±50Pd alloy, and
the dotted lines in the ®gure represent the recovery of
strain due to heating above Af (i.e. SM strain). Surpris-
ingly, it shows that practically no SM strains are
obtained at high temperatures, although reasonably
good SM strains are obtained at room temperature
[101,102]. It was also con®rmed that the poor SM char-
acteristics at high temperature were due to the rapid
decrease of the critical stress for slip at high temperatures

Fig. 17. Electrical resistance vs temperature curves of a Cu±13.8Al±

4.0Ni (mass%) single crystal. (a) Before tensile test; (b) ®rst cycle after

tensile test in martensitic state; (c) after the cycle in (b). See text for

details [36]. Fig. 18. Phase diagram of TiPd±TiNi alloys [97].
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[101]. Thus, to improve the SM characteristics at high
temperature, we can consider the following three methods.

1. thermomechanical treatment (cold working fol-
lowed by suitable annealing);

2. precipitation hardening;
3. addition of quaternary element.

First we discuss the results for (i) thermomechanical
treatment for Ti±(50ÿx)Pd±xNi alloys [103]. In short, we
found that the annealing at 673K for 1 h after cold
working was very e�ective for the alloys for x430, as
shown in Fig. 20. The recovery rate by SME is good
only up to 2% total strain for a solution-treated specimen,
but it is good up to 5.5% total strain, if the specimen is
annealed at 673K for 1 h after cold working. The
superelasticity was also obtained for the specimens sub-
jected to the above heat-treatment.

As the (ii) precipitation hardening, we tried to utilize
TiB2 by the addition of B, since the melting point of
TiB2 is very high, and the addition of B may be useful to
avoid grain boundary fracture. In fact, we could obtain
TiB2 precipitates by the homogenization treatment of
1273K for 5 h, and we could con®rm that the composi-
tion is TiB2 and the structure is PdSi2 type by EDS
(energy dispersive spectroscopy) and electron di�raction

[104]. However, the precipitates were too big (�1 mm)
for precipitation hardening, although the addition of B
was con®rmed to be e�ective for improving toughness
and elongation. The next problem is how to obtain
small TiB2 precipitates in a ®nely dispersed manner.

The result for the precipitation of TiB2 was discussed
above, and ®nely dispersed TiB2 were not obtained as
yet. Thus, the precipitation hardening was tried from
another approach described below. We tried to intro-
duce precipitates by shifting the Ti composition from
stoichiometry such as (50+x)Ti±30Pd±(20ÿx)Ni. As a
result, it was con®rmed that by ageing the above alloy
with Ti>50 at% at 773K for 3.6 ks, ®nely dispersed
precipitates appear and SM characteristics are
improved [105]. However, more details await further
studies.

During the course of the above study, it became
necessary to study the recovery. recrystallization process
of cold rolled Ti±(50ÿx)Pd±xNi alloys, and interesting
results were obtained [106], as shown in Fig. 21. The
®gure shows the softening start (Ts) and softening ®nish
(Tf ) temperatures in Vickers hardness for isochronally
annealed specimens for 1 h, along with As and Af tem-
peratures. We immediately notice a close correlation
between the two, except for the compositions on both
ends, and this correlation can be explained as follows.
In this alloy system, the martensite (B19 type ordered
structure) has a close-packed structure, while the parent
(B2) has an open structure. Thus, di�usion is much fas-
ter in parent than in martensite. Thus, softening due to
recovery-recrystallization occurs so as to follow the
reverse transformation. Besides, we believe that recovery.
recrystallization occurs dominantly at parent-martensite
interface, where atoms are unstable and mobile. The
above result clearly shows that the reverse transformation
controls recovery. recrystallization processes in this alloy
system, in which martensite has a closepacked structure,
while parent has an open one. We now discuss the devia-
tions of the behavior on both ends of the composition.

Fig. 19. Stress±strain curves of a Ti±50Pd alloy, tensile tested at var-

ious temperatures. Dotted lines with arrows indicate the strain recov-

ered upon heating to 923K [101].

Fig. 20. Recovery rate, plotted against total strain for the solution-

treated and thermomechanically treated (673K) alloy. Tensile tests

were carried out at 443K. See text for details [103].

Fig. 21. Plots of reverse transformation temperatures and recovery.

Recrystallization temperatures vs composition for Ti±(50ÿx)Pd±xNi

alloys. Ts-,start temperature of softening stage; Tf -,®nish temperature

of the softening [106]. See text for details.
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When Pd content is 20 at%, the temperature itself is too
low even after the reverse transformation. Thus, recov-
ery recrystallization awaits for higher temperatures. On
the contrary, at 50 at% Pd, the temperature itself is high
enough before reaching As. Thus, softening starts even
below As, since the thermal energy is high enough. In
fact, we found recrystallization in the martensitic state
in a Ti±50Pd alloy [107]. The recrystallization process in
the martensitic state is useful for the study of nucleation
process of recrystallization, since the latter develops
very slowly. See Refs. [107,108] for more details.

The above observations are useful from technological
point of view also. We stated in the above that anneal-
ing at 673K for 1 h is good for improving SM char-
acteristics. However, this does not apply for Ti±40Pd±
10Ni alloy, which is in the martensitic state, where dif-
fusion is slow. In this case, if the alloy is ¯ash heated to
the parent phase for a very short time, and is then
annealed at 673K for 1 h, good SM characteristics are
obtained. See Ref. [109] for more details.

4. Applications of shape memory alloys

Since SMAs have unique properties which ordinary
metals do not have, they have high potentiality for
many applications. In fact, more than 10,000 patents
have been proposed in the past, and it is di�cult to
classify all the applications. Thus, in the following we
introduce only successful applications utilizing shape
memory e�ect and superelasticity, respectively.

4.1. Applications using shape memory e�ect

This type of applications may be summarized as follows.

1. couplings;
2. actuators;
3. smart materials.

Couplings are the ®rst most successful applications of
SMAs, which were developed by Raychem Corp. to
hydraulic systems of F-14 jet ®ghters. Electric con-
nectors for IC developed by the same company belong
to the same category.

Applications as actuators were carried out in various
®elds such as in electric appliances, automobile devices,
robotics etc. We introduce one recent example of appli-
cation for a thermostatic mixing value in Fig. 22. The
apparatus consists of a SMA coil spring and a bias
spring, which are opposing to each other. When the
temperature of mixed water is too high, the SMA
expands and the bias spring shrinks, since SMA spring
is stronger than the bias spring, resulting in a smaller
opening for hot-water and a larger opening for cool-
water, while when the temperature of mixed water is

low, vice versa. In fact, it is possible to control the tem-
perature linearly due to the Clausius-Clapeyron rela-
tionship, as shown in Fig. 22(b). Fig. 22(c) shows the
appearance of this type of mixing value. For the above
purpose, wax type actuators were used in the past, but
the thermal conductivity of wax is very bad, thus
resulting in slow response and overshooting. On the
other hand, thermal conductivity of SMA is good,
resulting in excellent thermal response. Thus, the super-
iority of SM actuator over wax one is apparent. For
more details on thermostatic mixing valve using SMA,
see Ref. [110].

SMA used as an actuator described in the above has a
role as a sensor as well as an actuator. Thus, SMAs are
smart (or intelligent) materials. The possession of the
dual function leads to the miniaturization of actuators,
and thin ®lms are expected from this point of view, as
described in Section 2.7. Another type of smart materials
are composites of Ti±Ni SMAs with polymer or metal
matrix. The Ti±Ni wires embedded in polymers may be
used for vibration control of space vehicles, since the
elastic constants can be changed widely by changing the
temperature in the transformation temperature range

Fig. 22. The new mixing valve using SMA and biasing coil springs. (a)

Represents the structure. The spool position and the mixed water

temperature is controlled by varying the total length of the actuator

linearly with the set temperature by the control knob. (b) Schematic

representation of the temperature-de¯ection characteristic of the linear

shape memory component used in the new mixing valve. (c) Appear-

ance of the new mixing valve [110].
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[111]. The Ti±Ni wires embedded in Al matrix may be
used to strengthen Al matrix by the same mechanism of
prestressed concrete. For more details, see Ref. [112].

4.2. Applications using superelasticity

Superelasticity, which is a non-linear pseudoelasticity
as much as 7±8%, was also successfully applied in var-
ious ®elds. The ®rst application was to orthodontic arch
wire, which made the orthodontic therapy much easier
and e�ective. The second quite successful one was to
brassieres for women. The third one is to the antennas
for cellular phones as shown in Fig. 23. This is quite
popular all over the world now, since superelastic wire is
quite ¯exible and is not subject to damage. The fourth,
which is actually the third in time sequence, is guide
wires for catheters in medical use, as shown in Fig. 24.
A catheter, which is a tube made of plastics, is a stan-
dard tool for diagnosing the circulatory system by
injecting a contrast medium into vessels or for medical
treatment by dilating a lumen of blood vessel at the site
of the obstruction. To introduce the catheter in a
required place of the vessel in brain, heart, lever etc., a
guide wire is necessary. Previously a thin stainless steel
wire was used for this purpose. However, it is being
overtaken by Ti±Ni superelastic wire recently, since the
latter is more ¯exible and is not permanently bent.
Thus, this application is expanding rapidly. The above
descriptions on applications of SMAs were rather sket-
chy. Those who are interested in more details, see Ref.
[8].

In the above, we tried to review most of the recent
developments of SMAs, but we omitted some, since one
of the purposes of the present overview is to introduce
this ®eld to the readers of Intermetallics in general.
`Modeling of SMAs' is such a missed topic. We also
omitted the developments on Fe-based and Cu-based

SMAs. Please see Ref. [8] for those. We also omitted
technological details even for Ti±Ni and Ti±Ni based
alloys. For those problems, conference proceedings are
useful listed in Ref. [113±131].

As stated at the beginning, most of SMAs are inter-
metallics, i.e. functional intermetallics. We hope that the
readers will have interest on intermetallics from this
aspect as well.
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Applications for brain; (b) appearance of a guide wire. See text for

details. (Courtesy of Terumo Corp.).
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