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Summary: The equiatomic or near equiatomic NiTi is a unique intermetallic compound. It has good 

ductility, a shape memory effect, and a super-elasticity. The alloy undergoes a martensitic transformation 

at near room temperature. The low temperature phase is characterized by high damping capacity, and the 

high temperature phase by excellent abrasion and corrosion resistance. By a shape memory effect we 

mean that the alloy plastically deforms in the low temperature phase and recovers its original shape in 

subsequent heating. Super-elasticity is a rubber-like behavior of the alloy in which a strain loading 

beyond the elastic limit recovers upon unloading. The following is a presentation of the general properties 

and transformation mechanisms of the shape memory effect and the super-elasticity of the NiTi alloys 

including its application such as in jointing devices, thermal actuators, and medical devices. 

 

1. Ni-Ti alloys have various characteristics 

A Ni-Ti alloy containing nickel and titanium in 

the atomic ratio of 1:1 shows unique characteristics. 

Although it is an intermetallic compound, it can be 

worked plastically. Furthermore, the alloy 

undergoes a martensitic transformation at a certain 

temperature near room temperature. The alloy 

shows various unique forms of behavior in 

accordance with the martensitic transformation. 

It has been known that this alloy has a great 

damping capacity at temperatures below 

martensitic transformation temperature 

(abbreviated to M-transformation temperature 

hereinafter; this M-transformation will be described 

in the section on mechanisms below, but it is to be 

understood here to be a certain temperature or the 

like.1) The alloy was developed by the Naval 

Ordnance Laboratory (NOL) as a soundproofing 

material for submarines as a countermeasure 

against SONAR. The damping capacity can be 

called the first feature. The damping characteristic 

could therefore conceivably be used as a damping 

material or a soundproofing material.2) 
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The second feature of the alloy is characterized by a shape 
memory effect which appears when the M-transformation and a reverse 
M-transformation are cycled in a temperature domain near the M-
transformation temperature, precisely speaking, one that straddles the 
M-transformation temperature. This phenomenon is characterized in 
that when the alloy is heated to a temperature higher than the M-
transformation temperature after it has been deformed at a temperature 
lower than the M-transformation temperature, its shape recovers to its 

original form.3) - 5) 

The third feature of the alloy, super-elasticity appears in a 
temperature domain slightly higher than the M-transformation 
temperature. This is a rubber-like behavior in which a deformation 
strain of several percent which significantly exceeds the yield point is 
recovered only upon unloading, so this behavior is sometimes called 

false elasticity or rubber elasticity.6) 
Although these unique phenomena do not appear in a temperature 

region much higher than the M-transformation temperature, these 
characteristics of the alloy become significantly advantageous in a 
structured material having both excellent corrosion and abrasion 
resistances. The fourth feature has been previously made use of in 
certain portions of chemical plants or the like where rubbing takes 
place and where corrosion resistance is required. 

2 

Photograph 1 Shape memory alloy and super-elastic alloy 

Super‐Elastic Alloy 
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Since the fourth feature consisting of corrosion and abrasion 
resistances as described above has been previously disclosed in this 

magazine,7) the shape memory effect and super-elasticity which have 
recently become of major interest for functional materials will now be 
described with introducing practical examples. 

2. Shape memory effect and super-elasticity 

As described above, the shape memory effect and super-elasticity 
are phenomena in which a deformation strain exceeding the yield point 
can be reversed only by heating or unloading. These phenomena will 
now be more specifically described with reference to actual 
photographs and stress-strain diagrams (Fig. 1). 

A normal metallic material completely recovers from a 
deformation strain below its elastic limit upon unloading, but if the 
strain enters the yield region after exceeding the elastic limit, only the 
elastic deformation can be reversed upon unloading, leaving plastic 
deformation which creates permanent deformation. 

If deformation strain is applied to an alloy exhibiting the shape 
memory effect, that is, a shape memory alloy, yield is similarly seen 
after the straight-line region caused by elastic deformation, and 
apparent plastic deformation remains after unloading. This 
deformation does not depend on displacement slip which is seen in 
usual metallic materials, but it is a kind of hemitrope deformation, but 
the appearance bears no relation to the plastic deformation due to slip. 
However, these deformation strains can be cancelled and the original, 
strain-free, shape can be regained by heating the alloy to a temperature 
above the M-transformation temperature. 

On the other hand, a super-elastic alloy does not require heating 
for recovering from strain. If the load is removed after the alloy has 
been deformed to the yield region, the strain, as shown in Fig. 1, returns 
to zero, exhibiting a behavior which is the opposite of the yield 
phenomenon. 

It must be noted here that the amount of strain which can be 
reversed by the shape memory effect or super-elasticity has a certain 
limitation. Strain sometimes cannot be recovered from, depending on 
the manner of deformation. The point will now be described with 
reference to a stress-strain diagram covering a high strain domain (Fig. 

2).8)  

When a shape memory alloy is deformed at a temperature below 

the M-transformation temperature, yield occurs after elastic 
deformation ①, and the stress becomes approximately constant. If the 
load is removed at an intermediate portion of the flat portion ②, 
apparent plastic strain ③ remains, but this strain is removed by 
heating, as mentioned above. However, if the deformation strain 
increases so as to exceed the flat portion, the stress again begins to 
increase, and work hardening begins. If the load is removed when the 
work hardening has progressed to a certain degree ④ the strain ⑤ also 
remains, but this strain cannot be recovered from by heating to a 
temperature beyond the M-transformation temperature, resulting in a 
permanent deformation ⑥. If the deformation strain further increases, 
the increase in stress becomes moderate, and finally the material 
breaks. A material which has been extensively work-hardened ⑦ will 
not recover its shape by heating. 

Therefore, it is necessary to restrict the amount of strain to below 
a certain value (7.5% in Ni-Ti alloy) in order to obtain an excellent 
shape recovery characteristic. This is exactly the same as the condition 
for super-elasticity. 

Both the shape memory effect and super-elasticity were 
accidently discovered in an alloy consisting of gold and cadmium in 

the early 1950s,9) but they did not attract much attention at the time 
because of the rarity of the alloy. The shape memory effect was not 
studied much until after significant shape memory effects were 

discovered in Ni-Ti alloys by the NOL (as described above).10) Since 

 

Fig. 1 Stress-strain diagrams of shape memory alloy, super-elastic alloy, and normal metallic material 

 
 
Fig. 2 Stress-strain diagram of shape memory Ni-Ti alloy

Strain 

Normal metallic materials    Super‐elastic alloys    Shape memory alloys 
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then, numerous research results have been disclosed, and more than a 
dozen alloys having the shape memory effect have been discovered. 

However, when this effect was discovered in Ni-Ti alloys, the 
fact that these alloys have super-elasticity was not known. Therefore, 
super-elasticity has mainly been studied in Cu-Al-Ni alloys as a 
phenomenon which is independent from the shape memory effect. The 
super-elasticity of the Ni-Ti alloys was discovered at the beginning of 
the 1970s, immediately before it was clarified that the two phenomena 
depend upon super-elastic  

M-transformation.11) 12)  

Materials which have corrosion and abrasion resistances in the 
high temperature phase have been developed for structural materials, 
completely independently of their shape memory effects as functional 
materials. These materials were realized as the functional materials 
much earlier. 

3. Mechanisms of shape memory effect and super-elasticity. 

The reasons governing the occurrence of the shape memory effect 
and super-elasticity are complicated, and not many details have been 
clarified scientifically. Therefore, only the mechanism which has been 
clarified will now be simply described (see Fig. 3). 

When a shape memory alloy which is in an austenitic phase 
(abbreviated to A phase hereinafter) at a high temperature is cooled and 
the alloy passes a certain temperature (M-transformation start 
temperature, called the Ms point), the alloy M-transforms from the A 
phase to the M phase. The M phase is a well-known phenomenon 
which occurs when steels are rapidly cooled down. This phase also 
occurs in metals such as titanium or zirconium, or in alloys. This 
phenomenon is due to a phase transformation in which the crystal 
structure changes mainly by shear transformation, without any 

accompanying diffusion, with the solid phase thereof retained.13) 
When the M phase is heated to a temperature at which the M phase is 
returned back again to the A phase (This temperature is slightly higher 
than the Ms point reached during cooling, and is called the Af point. 
The previously described M-transformation temperature is this Af 
point.), the A phase is again realized. If no external force is applied, the 

macrostructure of the alloys are not changed by 
this cycle consisting of transformation and 
inverse transformation. However, the case is 
different if an external force is applied to the M 
phase. In this case, if the stress exceeds the 
yield-stress, apparent plastic deformation occurs 
as mentioned above, but this deformation is a 
sort of hemitrope deformation in which the 
crystals change their direction (azimuth) to 
absorb the deformation. Therefore, in contrast to 
the deformation which is proceeded by 
displacement slip, in which the arrangement of 
the crystals is changed, the connections between 
the crystals are the same before and after the 
deformation. If the M phase which has been 
transformed as described above is heated, it 
transforms back to the A phase. However, since 
the connections between the crystals remain as 
the material returns to the A phase, the overall 
shape of the crystals recovers its original form. 

Super-elasticity is also a phenomenon 
which depends upon M-transformation. 
However, the M-transformation which 
generates the shape memory effect is caused by 
heat, that is, a change in temperature, while the 
M-transformation which generates super-

elasticity is caused by stress. The M-transformation of the type 
described above is called stress transformation, in which stress, mainly 
shear stress, acts to transform the A phase to the M phase when a stress 
is applied to the A phase at a temperature slightly higher than the Af 
point. In this case, since the stress also causes transformation to the M 
phase, the A phase suddenly shifts to a transformed M phase, as shown 
by the dashed line in Fig. 3. The removal of the load, that is, the 
removal of the stress, causes a return to the A phase which is originally 
stable at this temperature (above the Af point). This return to the A 
phase maintains the connections of the crystals, and so releases the 
strain. 

M-transformation is not a phenomenon displayed only by special 
alloys such as Ni-Ti alloys. It is a phenomenon displayed by many 
types of metal such as steels and alloys. Although steel is an alloy 
which typically exhibits M-transformation, it does not display any 
shape memory effect or super-elasticity. Some Ti alloys and Co alloys 
exhibit stress recovery to a certain extent, but this is not complete. The 
reason for this difference is considered to depend on the consistency of 
the phase boundaries between the A phase and the M phase. In M-
transformation (called thermal elastic M-transformation) in an 
extremely consistent Ni-Ti alloy, when the M phase returns to the A 
phase the atoms return to their original arrangement, so that the shape 
can be recovered. However, in M-transformation in steel or the like, 
the atoms do not necessarily return to their original positions; they 
return to a suitable sort of A phase in which they are arranged 
advantageously from the energy point of view. Therefore, the shape 
can be recovered to some extent, but it cannot be completely recovered. 
The fact that the number of hemitrope phases of the M phase (in which 
the shape of the crystals is the same, but only their azimuths differ) is 
limited by the way in which the super lattice is formed is an important 
factor, in addition to the consistency of the phase boundaries. An 
excellent shape memory effect and super-elasticity can be obtained 
only when all of the conditions are satisfied. 

4. Application of shape memory Ni-Ti alloy 

The firstly practical use of shape memory Ni-Ti alloys was 

4 
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realized by pipe joints.14) An alloy of a low working temperature 

(approximately -150°C) is used for such a joint, and its inner diameter 

is slightly smaller than the outer diameter of the pipe. When pipes are 

to be connected, the joint is first immersed in liquid air and a plug is 

forced into the inside of the joint to expand its inner diameter. Then, as 

shown in Fig. 4, the pipes are inserted from both sides, then the joined 

pipes are left at room temperature until the diameter of the joint 

recovers to its pre-expansion dimensions. As a result, the pipes are 

clamped. More than 100,000 joints of this type are used in the hydraulic 

systems of F-14 jet fighters, and they have caused no problems such as 
oil leaks. Similar methods have been applied to various seals and 

clamps (Fig. 5 and Fig.6).  

Since Ni-Ti alloys do not react with organic substances, it is 
expected that they will be used in implants in living tissues. One 
application which is being widely studied is a bone setting plate that is 
used to provide internal bone setting in which a broken bone is fixed 
not by plaster but by bolts or the like. Methods of fixing intramedullary 
nails and base portions of artificial arthroses can also employ similar 
means. A method of curing scoliosis, in which a Ni-Ti alloy which 
retains the memory of a straight line is fixed in such a manner that the 
alloy is placed along the spine is then heated in order to straighten the 
spine, is a method which fully utilizes the characteristics of a shape 
memory alloy. 

All of the shape memory effects mentioned above exhibit a 

phenomenon which is called the one-way effect. That is, when the alloy 

is heated after being deformed at a low temperature, the alloy recovers 

its shape once. Even if it is again cooled to the low temperature, it will 

not recover the shape it previous had when deformed at that low 

temperature. However, in general, a two-way device which repeatedly 

recovers is more advantageous from the functional view point, and its 

range of applications is wider than that of a one-way device. Therefore, 

various methods by which two-way characteristics can be provided for 

shape memory alloys have been studied. One such method involves the 

use of a bias force. This method utilizes the characteristic of a shape 

memory alloy that it is strong at high temperatures (where it is hard and 

has a high yield stress), but it is weak at low temperatures (where it is 

soft and has a low yield stress). For example, in a device in which a 

coil spring formed of a shape memory alloy and a normal coil spring 

are abutted against each other, as shown in Fig. 7, the shape memory 

alloy is pressed to the left at low temperature because the normal coil 

spring is stronger, while the shape memory alloy becomes stronger than 

the normal coil spring as temperature rises and forces it to the right. 

 

 

Fig. 7 Operational principles of two-way shape 
memory device in bias spring 

 
Fig. 4 Principle view of pipe joint using shape 

memory Ni-Ti alloy 

 
Fig. 5 Sealing of package of IC device using shape 

memory Alloy 

 
Fig. 6 Clamp made of shape memory Ni-Ti alloy 
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 A differential two-way device is well known as another type of 

the two-way device. This device utilizes the difference in force exerted 

by a shape memory alloy at high temperatures and low temperatures. 

For example, if shape memory alloys are used for both of the coils 

shown in Fig. 7, a differential two-way device is realized. When one of 

the coils is heated, the heated coil presses against the other coil to exert 

a force upon it. When the heating of the first coil is terminated and the 

other coil is heated, the coils move in the opposite directions. 

A bimetal is well known as a two-way temperature detecting 

device. A shape memory device would be significantly superior to a 

bimetal because the shape memory device would be able to generate a 

large force, the shape change would occur rapidly at a specific 

temperature, and the magnitude of the change would be significantly 

large. In particular, the ability to generate a large force is the most 

important advantage for this type of device, because a single device has 

both a temperature detecting portion (sensor) and an actuating portion 

(actuator). It is important to consider that if a large device is used in 

order to obtain a large force, the actuation speed will inevitably become 

low because the actuating source is heat. 

Since Ni-Ti alloys have excellent 

corrosion resistances, a device of this type 

would have a very good resistance to the 

environment and the atmosphere except the 

temperature condition. Since the movable 

shaft sealing portions (seals) which are 

necessary in motors are not needed if a Ni-Ti 

alloy is used, these alloys are suitable for use 

in extreme environmental conditions or in 

places which are isolated from the 

atmosphere, and, in practice, applications in 

hard vacuum and nuclear reactors have been 

investigated.15) 

The driving device of a pen recorder is 

an application of a two-way device. As shown 

in Fig. 8, the structure of the driving device is 

such that a straight Ni-Ti alloy wire is 

tensioned by a bias spring coil and a current is 

passed through it to heat it for operation. The 

pen recorder is designed so that the pen 

position is fed back so that no errors are 

generated by hysteresis or temperature 

changes. 

Fig. 9 shows a connector16) which can be repeatedly used 

because it has a two-way operation, while the pipe joint described 

above which has a one-way action. A beryllium sleeve on the inside of 
the connector is provided with slits in such a way that the front end of 

the connector is opened in the free state. A ring of a Ni-Ti alloy, whose 

actuating temperature is lower than room temperature, is installed 

around the sleeve. The front end is opened at low temperatures by the 

spring force of the sleeve, but at room temperature the ring recovers its 

shape so that the ring clamps a mating conductor. Spraying of gas is 

usually employed for obtaining the low temperature. Other two-way 

devices which have been disclosed include various thermal switches, 

circuit breakers and fire safety devices. 

The use of shape memory alloys in automobiles has been 

6 

 
Fig. 8 Structure of actuating portion of pen recorder 

Fig. 9 Connector using shape memory alloy 

 

 

Fig. 10 Example of heat engine using  
shape memory effect of Ni-Ti alloy 
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suggested, especially in radiator thermostats and fan clutches. A 

radiator thermostat is a device which cools engine cooling water by 

introducing the cooling water into the radiator only when the 

temperature of the cooling water rises. A fan clutch is a device which 

provides cooling by connecting a cooling fan to a rotary shaft when the 

engine reaches a predetermined temperature. Both devices were 

developed to reduce the warming-up time and save energy. Another 

proposed device is an injection nozzle of a carburetor which is designed 

to always provide the most suitable mixture ratio using a shape memory 

device which compensates for differences in the viscosity of gasoline 

at different temperatures. 

Since differential shape memory devices can generate large 

forces and have high energy conversion ratios, they can not only be 

utilized in various actuators and manipulators for robots or the like, but 

they are also expected to be applied to heat engines in which 

mechanical energy is obtained from low grade energy sources such as 

exhaust heat (Fig. 10). Although such a heat engine has yet not been 

produced, it has been the subject of intense research, and a heat engine 

conference was held in the U.S. in 1978.17) 

5. Application of super-elastic Ni-Ti alloys 

The first practical usage of super-elasticity is in 

the frames of spectacles.18) A Ni-Ti alloy is, as 

shown in figure 11, used as wire for fixing lenses. A 

conventional frame in which the lenses are suspended 

by wire made of a metal or synthetic resin, has the 

advantage of enabling a lightweight and a wide field 

of view, but it has the disadvantage that the lenses can 

easily fall out when they are wiped or when they 

contact at a temperature. The newly developed frame 

completely overcomes this problem, even if the 

lenses are strongly wiped or the temperature changes, 

by the use of an super-elastic wire for supporting the 

lenses. 

Super-elastic Ni-Ti alloys are used in medical 

fields, in the same way as shape memory alloys. One 

application is in the correction of abnormal occlusion, 

that is, in the straightening of teeth. Although a full-

band system which corrects abnormal occlusion by 

utilizing the elasticity of a wire is an excellent 

method, normal metal wires (made of stainless steel, Co-Cr alloy, or 

the like) have a poor range of elasticity, so the wire must be changed 

many times as the treatment progresses. If loops are made to increase 

the elastic range of the wire, the disadvantage arises that the patient 

feels discomfort. The use of a super-elastic wire can overcome these 

problems, and provide a great advantage, as can be expected from its 

stress-strain diagram, in that correcting force of the wire does not drop 

as the correction progresses. In order to use such characteristics, 

comprehensive research into improving the wire characteristics, fixing 

the wire to bone, and the most suitable shapes of arches or the like have 

been progressing.19) In the U.S, Ni-Ti alloy wires are used by nearly 

half the dentists for correcting abnormal occlusion. This method uses 

super-elastic characteristics and usages which are slightly different 

from those of basic super-elasticity, because the method is 

characterized in that the M phase of each Ni-Ti alloy is work-hardened 

to increase the elastic range. 

Ni-Ti alloys are applied to methods of clamping bones in plastic 

surgery.20) In general, since living tissues automatically adjust to 

externally-applied loads, if a bone is strongly bound by stainless steel 

wire or the like, the tissues of the bone creep as they adjust to the load. 

Therefore, it is impossible to keep the bone clamped for a long period 

of time. If a super-elastic wire is used it can follow the contraction of 

the bone within its super-elastic range as the bone creeps, so that firm 

clamping can be maintained during the treatment. However, super-

elastic wires have a problem. For example, such a wire cannot be fixed 

because it recovers its original form when an attempt is made to twist 

it by pliers, as if it was normal wire. This problem has been solved by 

caulking the wire after it has been passed through a thin pipe 

(photograph 2). This method of clamping has already been utilized 

clinically. 

Since a super-elastic alloy has an excellent strain recovery ability 

 

Photograph 2  Clamping of bone  
by super-elastic Ti-Ni alloy 

 
Fig. 11 Spectacle frame using super-elastic Ni-Ti wire 
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which is an order of magnitude larger than those of normal materials 

for springs, it is of course expected to become a general-purpose 

material for springs. Furthermore, since a super-elastic spring is 

basically a non-linear spring, skillful use of this non-linearity will 

enable its use as a functional spring. However, such a spring does 

not exhibit any elastic strain, which will present some design 

problems. It will be difficult to obtain a relationship between load 

and displacement by using its rigidity and spring constant, and it will 

be difficult to simulate the strained state of the coil spring with the 

use of torsional moment because the large magnitude of the strain. 

In order to overcome these problems, research is under way into 

software which provides methods to design springs together with 

hardware techniques such as working methods and heat treatments. 

Since super-elastic alloys have a damping ability caused by the 

hysteresis characteristics seen in their stress-strain curves in addition 

to the stress recovery ability, positive utilization of this feature in, 

for example, a contact spring which is able to prevent chattering, has 

been examined in the precision instrument field. 

6. Conclusion 

As described above, although the shape memory effect and 

super-elasticity of Ni-Ti alloys have been partially utilized, these 

efforts are still in the development stage. The hardware and software 

techniques required for realizing the utilization of these alloys have 

not yet been developed. However, since the unique feature of these 

alloys of being able to recover from strains of several percent raises 

strong demand for their use as functional materials, it is expected 

that they will be used in many fields. 
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