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Abstract
The present work deals with the stress generation capability of
nickel–titanium shape memory alloys (SMAs) under constrained conditions
for two well-defined loading modes: recurrent crystalline transformation
(transformation fatigue) and a one-step continuous activation (generated
stress relaxation). The data acquired will be very useful during the design
process of an SMA Ni–Ti element as a functional part of an assembly.
Differential scanning calorimetry (DSC) was employed in order to investigate
the transformation characteristics of the alloy before and after the tests.
Transformation fatigue tests revealed that the parameter that affects more the
rate of the functional degradation is the number of crystalline transitions the
wire undergoes. Thus, the service life limit of this material as a stress
generator can be reduced to a few thousand working cycles. For stress
relaxation, the main factor that affects the ability for stress generation is the
working temperature: the higher the temperature above the austenite
finish (TAf) limit the higher the relaxation effect. Thermomechanical
treatment of the alloy during the tests reveals the ‘hidden’ transformation
from the cubic structure (B2) of austenite to the rhombohedral structure of
the R-phase. It is believed that the gradual loss of the stress generation
capability of the material under constrained conditions must be associated to
a gradual slipping relaxation mechanism. Scanning electron microscopy
(SEM) observations on as-received, re-trained, fatigued and stress-relaxed
specimens in the martensitic state provide further support for this hypothesis.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Shape memory alloys (SMAs), under deformed and con-
strained conditions, exhibit the ability to generate mechani-
cal stress, a characteristic that makes them ideal actuators in
several modern applications. SMA-based actuators are ca-
pable of replacing complex and heavyweight driving motors
with simple and lightweight components. Automotive and
aerospace engineering are only two of the fields where SMA-
based ‘smart’ structures can be incorporated in several appli-
cations [1]. They can also withstand static or dynamic external
loading with their actuating function. The most widely used al-

loy that exhibits ‘shape memory’ behavior is the binary nickel–
titanium (Ni–Ti) alloy. The wide use of Ni–Ti in the form of
rod, strip, tube, spring or wire, as an actuator is mainly due
to its ability to generate large mechanical stresses to retrieve
large deformations in the range of 6–8% and to be compatible
for example with human body tissues. One can also modify its
behavior by slightly changing the alloy composition.

The Ni–Ti alloy exists in the form of two different
temperature-dependent stable crystalline structures: the high-
temperature body centered cubic phase of austenite and the
low-temperature monoclinic phase of martensite [2, 3]. If the
SMA is deformed while being in the martensitic state, upon
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Figure 13. Stress relaxation—post-mortem DSC graphs.

Figure 14. SEM image obtained from an as-received Ni–Ti wire.

It thus follows that the magnitude of the ‘activation’ time,
t1, is not a critical parameter during transformation fatigue
of the SMA wire. In contrast, the decreasing function of
stress with transformation cycles indicates that the frequency
of the martensite–austenite–martensite transformation is the
most critical damaging parameter for this material. The
maximum stress reduction rate is observed during the initial
phase of the transformation fatigue tests and remains almost
constant after the half-life of the wire at 2000 cycles. The
SMA wires were able to generate only a small amount of
pulling force of about 1–2 N after the tests. However, when
activated, they were capable of a complete shape recovery
under no external load. This is evident in the post-mortem DSC
curves, where the crystalline transformation from martensite to
austenite and vice versa is very clear regardless of the observed
changes in the wire characteristics. Hence, the loss of the
force acting ability should not be due to the loss of the shape
memory effect for an SMA material. The Ni–Ti material
responds to an applied stress by changing the orientation of
its crystal structure through movement in the regions of the
twin boundaries. When the deformed material is activated, it is
the same mechanism above that induces geometry changes and
under constrained conditions produces mechanical stress.

In order to throw light on the mechanism that is
responsible for the loss of stress generation in fatigued

Figure 15. SEM image obtained from a re-trained Ni–Ti wire.

Figure 16. SEM image obtained from a specimen subjected to
thermomechanical fatigue.

specimens, we have examined by means of high resolution
SEM the as-received material (which has been found to
possess a certain amount of pre-strain), a re-trained wire
and two specimens after the transformation fatigue and
stress relaxation experiments. The results are presented in
figures 14–17 respectively, and as can be seen the uniform
grain orientation characterized by previous authors as POM
(preferentially oriented martensite) [16] is definitely present
in the pristine material but the re-trained wire and both of
the tested specimens have structural features that resemble
self-accommodated martensite (SAM). However, the DSC
experiments revealed distinct differences between a pure SAM
specimen and that received after the fatigue or the stress
relaxation experiment. In other words, during transformation
fatigue or stress relaxation, the oriented martensite variants
relax at high temperatures and under constrained conditions
and, as a result, they revert back to specimens that incorporate
a SAM-like structure. On the other hand, pure self-
accommodated martensite variants can be observed in the
structure of the re-trained material as a result of the intense
thermal treatment. We postulate that under constrained
transformation fatigue a slip mechanism that affects mostly
the twin boundary regions operates and the material in effect
loses the initial pre-strain. Indeed the DSC measurements
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Figure 17. SEM image obtained from a stress relaxed Ni–Ti wire.

mentioned above confirm that no other degradation mechanism
has taken place. Constrained thermomechanical cycling
undoubtedly induces defects and dislocations; however, full
crystallographic reversibility from martensite to austenite is
difficult to be achieved even in stress-free transformations [17].
In figure 18, the scheme of the proposed mechanism is
presented for both types of experiment performed here.

During stress relaxation experiments under constrained
conditions, the specimen is constantly under tensile load and,

therefore, the generated axial force decay with respect to time
is most likely affected by slipping movements in the regions
of the crystal boundaries within the oriented phase of the
material. This again indicates that the loss of the initial pre-
strain is also the reason for the loss of stress generation in
this case. There is no doubt that, during continuous activation
of a Ni–Ti SMA wire, the most important parameter is the
working temperature. All four stress relaxation experiments
were conducted at temperatures well above the austenitic
transformation zone and it was found that, for test conditions
close to TAf, the generated stress degradation is much less
intense compared to that taking place at higher working
temperatures. Consequently, the highest stress reduction rates
are observed at the highest working temperatures, and like the
case of transformation fatigue, the stress relaxation rate reaches
its maximum during the initial phase of the test. Although the
nature of the stress relaxation and the transformation fatigue
experiments is different, it would be of great interest an attempt
to ‘link’ the experimental results. Taking into account that in
both cases the SMA wire is fully activated and thus it generates
its maximum axial force, then, the transformation cycles can be
‘converted’ into continuous activation time as follows:

continuous activation time = i × t1

where i stands for the number of the transformation cycles
and t1 stands for the cycle activation time which differs for

(a)

(b)

Figure 18. (a) Proposed mechanism during transformation fatigue and stress relaxation and (b) SAM formation after re-training of the wire.
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Figure 19. Transformation fatigue and stress relaxation in terms of
continuous activation time.

each duty cycle, k. Transformation fatigue experimental
data and stress relaxation fitting curve (at 116 ◦C) versus
continuous activation time are presented in figure 19. Since
the generated maximum stress rate is much slower than that
obtained from the fatigue data, it can assumed that the cyclic
transformation process is more detrimental, as far as the decay
of generated stress is concerned, than that obtained from the
stress relaxation experiment.

Post-mortem DSC measurements revealed a certain
alteration of the wire transformational characteristics. The
fatigued specimens exhibited a shortened martensitic and
austenitic transformation temperature range, in association
with only slight changes in Hysterisis. As a result, although
the Ni–Ti wires were unable to generate stress, there was a
much quicker crystalline transition both ways. For the stress-
relaxed specimens, during cooling when martensite is formed,
two different peaks are observed. Taking into account the fact
that the tested SMA wires were thermomechanically treated
for a long time at elevated temperatures [15], it is believed
that the first peak, which was present to higher temperatures,
is related to the crystalline transformation from the cubic
structure (B2) of austenite to the rhombohedral structure of
the R-phase. Although there have been many studies in
the past [21] it is true that the real crystal structure of this
intermediate phase is still controversial. The second peak
corresponds to the transformation from the R-phase to the
monoclinic structure (B19′) of martensite. Unlike the fully
annealed and quenched Ni–Ti materials (such as the tested as-
received wires) which transform directly from the B2 phase to
the B19′ phase, thermomechanically aged alloys transform in
two stages (B2 → R → B19′). In later studies this behavior
is attributed to the inhomogeneous precipitate distribution
between the grain boundary and the grain interior [18].

The trained wire DSC experiments provided useful
information about the material tested in this project. Due
to the high temperature (510 ◦C) heat treatment of training,
the R-phase transition is clearly visible via the two distinct
and intense peaks during the cooling stage. The presence
of the austenitic transformation temperature shift is strong
evidence towards dissociating this phenomenon from plastic
martensitic deformation which is removed when the specimen
is heated for the first time because, prior to testing, all samples

as received

stress relaxation

transformation fatigue

Figure 20. Ni–Ti wire surface SEM image for three different
specimens: as-received wire, stress-relaxed wire and
transformation-fatigued wire.

were heated above TAf in unloaded conditions. Moreover,
the thermal treatment of training results in a completely new
material whose attributes are not any longer governed by the
manufacturing technique or other fabrication characteristics.
The austenite forming temperature shift in the first cycle may
be well associated with increased energy absorption in order
for the crystalline transition to initiate. The fact that the trained
samples, when not deformed, are not capable of producing
axial force, unlike the wires used in the transformation fatigue
and stress relaxation experiments, indicates that the material
purchased was already programmed to retrieve its shape and
produce maximum stress.
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