






Fig. 4 Ñ  Tensile stress-strain cuiifes of Nitinol (Nir,o gl
perature (37'C).

¥ At Mf, the structure is fully martensitic. At
this point, the graph represents the equivalent
behavior of the hook pulled through the cannula
(slender tube) that is shown in Fig. 2b,

¥ Note that at -60"C, an initial linear elastic
region is followed by a nearly constant loading
stress (115 MPa) up to approximately 3% strain,
and then an additional increase in stress to 6%
strain.

¥ Upon release of the strain, the wire unloads
to about 5.1%; full shape memory strain recovery
requires heating to above Af.

¥ At 25''C, the wire has an elastic region witl i
a loading stress of 378 MPa, and an unloading
stress of 50 MPa. It returns to nearly zero strain
at zero load. This condition represents the super-
elastic behavior shown schematically for the
hook in Fig. 3. Because of the differences in the
atomic structure of martensite and austerute, the
values of plateau stress in the two conditions are
different. Consequently, it is substantially easier
to pull a hook through the cannula at -60"C than
at 25'r.

¥ For comparison, the tensile curve for the
wire is also shown for a test temperature of 37'̂ C,
which has a loading stress of 430 MPa and an
unloading stress of 120 MPa.

The loading stress value increases systemati-
cally at test temperatures between Af and ap-
proximately 150"C for thermomechanically
processed NiTi. The stress increase with respect
to test temperature is called the stress rate and
has a value of about 6 MPa/"C. The origin of this
effect is based on the thermodynamic Clausius-
Clapeyron relationship.

Stress levels
A key element that must be considered when

designing a Nitinol-based medical device is the
level of force (stress) that the device must exert
when implanted. For example, orthodontic arch-
wires deliver a low, constant stress against the

xoire tested at Mf f-60"O, Af (25"C,) and at body tem-

teeth, exemplified by the unloading stresses in
Fig. 4 at 25''C and 37'̂ 'C. At both temperatures,
the Nitinol archwire wil l apply a constant force
over a long treatment time and tooth position.

Note the decrease in stress with the decrease
in temperature. This is why many orthodontists
suggest that the patients drink ice water to
"loosen" the archwires temporarily if there is
any pain after treatment.

The selection of the proper Af temperature and
its effect on the "restoring stress" of Nitinol med-
ical devices must also be considered. For ex-
ample, the tensile curves shown in Fig. 4 are for
a device with an Af of 25^.

However, if stresses greater than 120 MPa are
required at body temperature, it is possible to
process the device to a lower At temperature.
The larger difference between Af and 37'C will
result in higher unloading stress for the same
geometry. For example, suppose that the Af is
lowered to lO^C. This device would generate ap-
proximately 270 MPa; this change in unloading
stress with temperature also follows the Clau-
sius-Clapeyron relationship.

It should be noted that there are drawbacks
to this approach, such as the possibility of higher
residual strains after deformation. Nevertheless,
the v4|ten:\perature is a powerful device opti-
mization parameter. MPMB
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