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SUPERELASTICITY ________________ _ 

Superelastic Ni-Ti Wire 

The transformational superelasticity in Ni- Ti wire 
is about ten times higher than the elasticity in ordinary materials. 

By Dieter Stoeckel-and Weikang Yu 

• now with Nitinol Development Corporation, 46716 Fremont, Fremont, CA 94538 

The term "superelasticity" is used to 

describe the property of certain alloys 
to return to their original shape upon 
unloading after a substantial deforma­
tion. Superelastic alloys can be strained 

ten times more than ordinary spring 
materials without being plastically 
deformed. This Wlusually large elas­

ticity is also called pseudoelasticity, be­
cause the mechanism is 
nonconventional in nature, or transfor­

mational superelasticity because it is 
caused by a stress induced phase trans­

formation. Alloys that show superelas­

ticity undergo, a th e rm oelastic 
manensitic transformation which is 

also the prerequisite for the shape 
memory effect. Superelas ticity and 
shape memory effect are therefore 
closely related. As will be shown in this 

paper, superelasticity can even be con­
sidered part of the shape memory ef­

fect.
1 

The shape memory and superelas­
licity effect are particularly pronounced 
in Ni-Ti alloys. We will therefore focus 
on these alloys. While the shape 
memory effect in Ni-Ti alloys has been 

described many times? oruy few papers 
can be found describing superelasticity 

and its applications. 
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Fig. 1. Martensitic transformation 

and shape memory effect. 
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Fig. 2. Hysteresis of the martinsitic transformation (superelasticity is found 

in the shaded temperature range). 

The thermoelastic marteositic 

traosformation 

In near-equiatomic Ni-Ti alloys mar­
tensite forms on cooling from the body­
centered cubic high temperature phase, 
tenned austenite, by a shear type of 
process. This martensitic phase is 

heavily twinned. In the absence of .any 
externally applied force the transforma­
tion takes place with almost no external 

macroscol'ic shape change. The mar­
tensite can be easily -deformed by a 
"flipping over~ type of shear until a 

single orientation is achieved, as il­
lustrated in Fig. L This process is 'also 
called "detwiIU1ing. ~ 

If a deformed martensite is now 
heated, it reverts to austenite. The crys­

tallographic restrictions are such that it 
transforms back to the initial orienta­
tion, thereby restoring the original 
shape. Thus, if a straight piece of wire 
in the austenitic condition is cooled to 

fonn martensite it remains straight. If it 
is now deformed by bend ing, the 
twinned martensite is converled 10 

deformed martensite. On heating, the 
transformation back to austenite occurs 
and the bent wire becomes straight 

again. 
The transformation from austenite to 

martensite and the reverse transforma­

tion from martensite to austenite do not 
take place at the same temperature. A 
plot of the volume fraction of marten­

site as . ~ functi on of temperature 

provid ~ ' .a curve of the type shown 
schemail-cally in Fig. 2. The complete 
transformation cycle is characterized by 
the following temperatures: austenite 

start temperature (As), austenite finish 
temperature (Ar), martensite start 
temperature (Ms) and martensite finish 
temperature (Mr). 

Fig. 2 represents the transformation 

cycle without applied stress. However, 
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longer applied . Fi g . 3 s hows 
stress/strain curves for a conventional 

material and a superelastic Ni-Ti alloy 

as well as a compa ri son of the 
microstructural mechanisms of the elas­

tic defonnation. 

A:; will be shown later. it becomes 
increasingly difficult to stress-induce 

martensite at increasing temperatures 

above At, Eventually, it is easier to 
defonn the material by conventional 
mechanisms (movement of disloca­
tions, slip) th an by ind ucing and 
deforming martensite. The temperature 

at wroch marr.ensite is no longer stress­
induced is called Md. Above Md. Nj· Ti 
a lloys are deformed like ordinary 
materials by slipping. 

Production of supel'eJastic Ni-Ti, al­

loys 

Melting ofNi-Ti alloys is usually car­

ried out by vacuum melting techniques 

such as electron-beam melling, vacuum 
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Fig. 3. Tensile bebavior of steel and a Ni-Ti superelastic alloy and mecba nisms of elastic deformation. 

if a stress is applied in the temperature 

range between ArandMd (which has 

yet to be defmed) martensite can be 
suess-induced. The suess induced mar­

tensite is then immediately deformed by 

detwinning as described above. Less 

energy is needed to stress induce and 

deform martensite than to deform the 

austenite by conventional mechanisms. 
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Up to 10 percent s train can be accom­

modated by this process (single cl')'stals 

of specific alloys can show as much as 

25 percent pseudoelaslic strain in cer­

tain di rect ions). As a~lenite is the ther­

modyna mically stable phase at this 

temperature under no-load conditions, 

the material s prings back into its 

original shape when the stress is no 

arc melting or vacuum induction melt­

ing. In all cases contamination of the 

melt with carbon, oxygen etc. has to be 

avoided. The cast ingot is press-forged 

and/or rotal')' fo rged prior to rod and 

wire rolling. Hot working to this point 

is done at temperatures between 700"C 

and900"C.J 

Cold working of Ni-Ti alloys is rela-
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Fig. 4. Tensile behavior of a Ni-Ti alloy in different conditions. 
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Fig. S. Tensile behavior of a binary Ni~Ti alloy at different temperatures. 

8 

tively straightforward, using basically 
the same procedures as in titanium wire 

fabrication. Typical reduction in area 

between anneals during wiredrawing is 
about 30 percent in some cases up to 60 

percent. Interpass annealing is carried 

out at temperatures between 600°C and 

800°C usually in air. An oxide layer on 

the wire improves the adhesion of the 

lubricant. Using carbide dies for 

diameters larger than about 0.050" 
(-1.25mm) and diamond dies for 

smaller diameters, superelastic Ni-Ti 
wires with diameters as small as 0.003" 

(-O,075mm)'have been produced. 

For medical applications the surface 

of the wires has to be free of oxides and 

contaminations. For this purpose, the 
wires are descaled and cleaned. 

Ni-Ti wires in the as drawn condition 
do not show the "flagshaped~ 

stress/strain behavior. In order to 

achieve maximum superelaslicity the 
material has to be heat treated at 
temperatures between 400 and 6Q00 c. 
However, for certain applications 
deviations from the flag shape are 

100·C 

o 1 234567 8 
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Fig. 10. Comparison of the loading/ unloading stress of a 
binary and a ternary Ni-Ti alloy. 
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desirable. In these cases the heat treat­

ment is done at lower temperatures. Fig. 

4 shows stress/strain curves for the as 
drawn, the "flag annealed- and an inter­

mediate condition. It has to be men­

t ioned, howeve r, t hat certain 

geometrical configurations, like per­

fec tly straight wires, can only be 

achieved in the n ag annealed condition. 

Properties ors u pt~ l astic Ni-Ti wires 

Superelasticity is only observed over 

a narrow temperature range: below As, 
the material is martensitic. Defonna­

tions up to approximately eight percent 

can be recovered thennally, but not 

elastically. Above Mel, the material is 
deformed by conventional 

mechanisms, i.e. slip occurs after 

Hookian elasticity . The stress/strain 

curves of a binary Ni-Ti alloy at dif­

ferent temperatures are shown in Fig. S. 

The largest flag is found at temperatures 

just above AI, where strains up to eight 

percent can be recovered with almost no 
pennanent set. Loading and unloading 

stresses increase with increasing 

temperature, but so does the pennanent 

set afler loading and unloading. 

Fig. 6 shows·the temperature depend­

ence of the loading and unloading stres­

ses of a binary Ni-Ti alloy, the 

transfonnation temperature AfOf which 
is approximately lOoC. This means that 

maximum elasticity and minimum per­

manentset is found near room tempera­

ture. Plotting the tmresolved strain after 

unloading from a strain of eight percent 

vs. temperature results in a curve shown 

in Fig .. 7. The minimum is found at 

20°C. At higher temperatures the un­

resolved strain is equivalent to per­

manent defonnation, but it is still only 

0.5 percent at approximately 50°C. At 

temperatures below the minimum, the 

unresolved strain is caused by defonna­

tion of the manensite. A substantial part 

of it can be recovered by heating above 

Ar. 
For many applications higher stresses 

at operating temperatures are desirable. 

For example., eyeglass frames should 

exhibit some stiffness even at tempera- . 

tures below ifC. This can be achieved 

by using alloys with a lower transfonna­

tion temperature. Fig. 8 shows the 

temperature dependence of the loading 

and unloading stress of a iron doped 

Ni-Ti -alloy, t he transformation 

temperature Ar of which is near -2ifC. 
At room temperature the loading stress 

is approximately 95 ksi (650 MPa) and 

unloading stress approximately 55 ksi 

(370 MFa). However, unresolved strain 

at room temperature after straining to 
eight percent is approximately 0.5 per­
cent (compared with 0.2 percent for the 

binary alloy). 

The temperature dependence of the 

unresolved strain after straining to eight 

percent for th..is alloy is shown in Fig. 9. 
It is obvious that the superelastic win­

dow has shifted to lower temperatures. 

A comparison of the loading and un­

loading stresses of the binary and the 

ternary alloy is shown in Fig. 10, while 

Fig. II compares the unresolved strains 

of these two alloys. 

Applications of superelastic Ni·Ti 

wires 

Supe relasticity is an isothermal 

event. 
4 

Therefore, applications with a 

well controlled temperature environ­

ment are especially successful. As body 

temperature is extremely well control­
led, superelastic wires have been used 
for medical applications first. Even 

today, most applications of superelastic 

Ni-Ti wires are related to the human 

body in one way or another. 

The ftrst superelastic application was 

as orthodontic archwire (Fig. 12). The 

biggest advantages that Ni-Ti provides 
over conventional materials obviously 

are the increased elastic range and a . 

nearly constant suess during unload­

ing . .5 The first reduces the need to 

retighten and adjust the wire and 

provides the clinician with a grealer 

working range. The second tends to 
decrease treatment time. and increase 

patient comfort. Temperature changes 

induced during the ingestion of cold or 

hot food change the stress level of the 

wire, which apparently can accelerate 

tooth motion. 

Recently, superelastic coil springs 

made from Ni-Ti wires have been intro­

duced to the orthodontic profession for 

trealrr.ent for either opening or closing 

of extraction spaces. The superelastic 

springs provide greater efficiency in 

tooth movement than coil springs made 

from stainless steel or Cr-Co-Ni a l-

10ys.S 
Another successful superelastic ap­

plication is the Mammalok0 needle 

wire localizer (Fig. 13), used to locate 

and mark breast tumors so that sub­

sequent surgev can be more exact and 

less invasive. A hook shaped Ni-Ti 

wire straightens when it is pulled into a 

hollow needle. The needle is then in-
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Fig. 12. Application of superelastic 
Ni-Ti wires for orthodontics. I I 

serted into the breast using a mam­
mogram as a guide to the location of the 

lesion. At the right location the wire is 

pushed out o( the needle, thereby 

deploying itself around the lesion. If the 

mammogram after placement shows 

that the needle was improperly posi­

tioned, the superelastic hook can be 
pulled back into the needle and reposi­
tioned. This is done in radiology. The 
patient is then taken to the operating 

room for surgery. 

A third successful medical applica­

tion is the guidewire, which is passed 

through blood v~els and used as a 
guide (or catheters' These wires must 

be extremely kink resistant and flexible, 

and thus Ni-Ti has provided large ad­

vantages over stainless steel or 

titanium. Straightness of the wires is 

extremely important to achieve op­

timum torquability (the ability to trans­

late a twist at one end of the guide wire 

into a tum o( nearly identical degree at 

the other end). Superelastic Ni-Ti wires 

can be thennally shape set to meet this 

requirement. 

The kink resistance and resistance to 

take a permanent set is also a major 

advantage of supere1astic Ni-Ti suture 

~~~::;;.lor less invasive orthopedic 

Another recent application is the su­

ture anchor (Fig. 14): a small arc of 

Ni-Ti straightens when it is pushed 

Ihroug ~ ' hole dril led into t~e bone wilh 

a guiding device. When il reaches the 

softer core of the bone it springs back 10 

its arc configuration and anchors itselr 

into the bone. A sulure tied to the anchor 

is then used to reattach ligaments to the 

bone. This sort of surgery has proven to 

be far less invasive than conventional 

methods using large stainless stee l 

screws·8 
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Fig. 13. Mammalok~ needle wire localizer (photo) and schematic fUDction.~ 

Eyeglass frames using temples and 
bridges made from superelastic Ni-Ti 

wires are gening increasingly popular, 
particularly for sports and children's 

glasses. For the temples, the pieces that 

set over the ear and along the side of the 
head to connect to the front of the frame, 
D material with sufficient stiffness at 
temperatures down to -2O"C (e.g. for 
skiers) is desirable. For cenain models, 
the material of the temple is selected 

and processed in such a way that a com­
bination of superelasticity and shape 

i 

memory is achieved (Fig. 15).
9 

The 

bridge, the part that connects the two 

glass rims, on the other hand should 

show maximum elasticity to prevent 

permanent distortion of the frame when 
accidentally deformed. 

Fmatly, one of the most publicized 

applications is the Ni-Ti underwire 

brassiere. In many reports the shape 

memory of the brassiere is described as 
the unique feature. In reality, it is the 

superelasticity of the underwires that 

makes the bra comfonable to wear. 

Fig. 14. Schematic Cunction and original size (photo) oca Ni·Ti suture anchor. 
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Fig.1S. Thet'ma1 recovery oCa Ni·Ti 

eyeglass temple.' 

These bras have been very successfully 
marketed in lapan. lO, II 

Conclusion 

Superelasticity in Ni~Ti wires 

caused by the foonation of stress in ~ 

duced martensite. This transformation~ 

al superelasticity is about len times 

higher than the elasticity in ordinary 

materials. It is strongly temperature de· 
pendent. Therefore, the most successful 

applications of superelastic wires are 

medical or other applications thai work 

in a narrow temperature range. 
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