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Abstract
While much is known about the shape memory and supereleasticity of equiatomic alloy of Ni and Ti (NiTiNoL), the
deformation behavior of Ni-rich NiTi has attracted relatively some attention. The increase in nickel content, however, also
hardens the alloy, which can make the alloy difficult to process. A slightly Ni-rich composition of NiTi can be, on the other
hand, advantageous in applications where a higher stiffness of NiTi coupled with its shape memory and superelasticity is
required e.g. in orthodontic wires, cardiovascular stent or pressure valves. In this study, we investigate the influence of heat
treatment on the deformation behavior of superelastic nickel–titanium for biomedical applications. For this, NiTi alloy
composed of 56 wt.% (51 at.%) nickel has been investigated after heat treatment within the thermal window of between 400
and 800°C. Heat treatment significantly influenced both the plasticity and the transformation behavior of Ni-rich NiTi. A
detailed examination of the microstructural evolution, calorimetric response and tensile test response with respect to the
superelasticity allowed us to establish protocols for obtaining nearly ideal superelastic properties in Ni-rich NiTi shape
memory alloys. Our findings can enable use of these alloys in e.g. medical devices that require higher stiffness and a larger
surface area.
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1. Introduction
NiTi alloys with equiatomic (50 at.% Ni) and nearequiatomic compositions have found wide applications in, for
example, biomedical, aerospace, electrical, and energy
dampening applications due to their unique shape memory
properties, super elasticity, good strength and high corrosion
resistance as well as large transformation strains. [1]. The
desirable thermal, mechanical and chemical properties in
these alloys can be tuned using appropriate pre-deformation
and heat treatment processes [2, 3].
Most biomedical applications of commercial NiTi alloys

exploit the tenability of shape memory and superelasticity.
As such, medical device manufacturers require specific
proprietary protocols for these treatments to suit the end use
in orthodontic, orthopedic, and minimally invasive surgical
devices and implants e.g. in vascular and neurological
applications [4-7]. Specific examples of medical devices
which take advantage of the shape memory properties
include surgical staples, devices for correcting scoliosis,
spinal vertebrae spacer, intramedullary nails, devices for
physiotherapy, and minimally-invasive surgical instruments
[8]. On the other hand, superelasticity of NiTi are used in
orthodontic wires, palatal arches, distractors, endodontic
files, intraspinal implants, venous filters, devices for closing
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ventricular septal defects, self-expandable vascular stents,
stent-graft, percutaneous devices to treat valvular diseases,
and microguide wires [9-13]. Both shape memory and
superelasticity of NiTi are controlled by the microstructure,
which, in turn, depends on the alloys thermal and mechanical
treatment history.
The shape memory effect (SME) of NiTi results from a
reversible martensitic phase transformation, in which the
crystal structure shifts from a B2 (austenite) to a B19׳
(martensite) phase in a shear-like manner [14] at the martensite
start temperature (Ms). The Ms is extremely sensitive to the
amount of Ni. A small increase in the amount of Ni from its
equiatomic 50 at.% to about 50.8 at.% can drop the Ms by
100°C [1]. On the other hand, superelasticity is a phase
transformation which occurs when the alloy is above the socalled austenite finish temperature (Af) [14, 15] thus meaning
that the alloy is in its austenite form. Mechanical deformation
of the alloy leads to the gradual formation of stress-induced
martensite (SIM) as the alloy is deformed beyond the yield
point of its austenite phase. This formation of martensite
continues at no or minimal increase in stress until the alloys is
completely transformed into its martensite form.
Martensitic transformation temperatures of NiTi are
critically dependent on the alloy composition and
thermomechanical history both of which possess strong
effects on the microstructure and the final shape memory
properties. During the heat treatment, the rate of the
quenching process, exposure time and heat treatment
temperature control the forward and reverse transformation
temperatures [7]. For example, the Af temperature can be
tuned by using a combination of alloy chemistry and
thermomechanical treatments [16]. Stress-induced martensite
forms to accommodate the deformation during loading;
however,
when
unloaded,
the
martensite
is
thermodynamically unstable and spontaneously reverts to
austenite, recovering the previously accumulated deformation
[5]. The deformation involving SIM is reversible, however,
irreversible processes such as twinning, dislocations resulting
from plastic flow and formation of retained martensite can
also take place [14]. Any change in parameters causing these
irreversible processes may have impact the martensitic
transformation. For example, an increase in the critical
resolved shear stress (CRSS) for dislocation slip can speed
up the thermoelastic martensitie transformation [17, 18]. If
slip occurs in the martensite phase the release of elastic strain
energy will cause a change in Ms [19].
A combination of cold work and specific annealing
temperature has often been recommended to be the means to
improve shape memory properties to suite a certain
application [20]. Cold working the alloy results in a higher
amount of stored energy due to dislocation accumulation,
which increases the strength [21]. In contrast, the heat
treatment gradually reorders and annihilates the stored
dislocations and lowers the yield stress and the ultimate
strength. When the annealing temperature is in the vicinity of
the temperature at which the alloy recrystallizes the internal
strain fields release energy that causes the recrystallization
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process to discontinuously sweep the deformation
substructure with intact grains [22].
Understanding and classifying processes contributing to
the deformation response of NiTi alloys is necessary for
making NiTi alloys with better superelastic performance.
Significant attention has been drawn to explore the effect of
the thermomechanical processes on the alloys’ superelasticity
[18, 23]. While much is known about the shape memory and
supereleasticity of equiatomic and slightly Ni-rich NiTi,
deformation behavior of Ni-rich NiTi has attracted relatively
considerable attention [5]. As mentioned before, a slightly
Ni-rich composition of NiTi is generally used to suppress the
Ms, however, the increase in nickel also hardens the alloy,
which can be advantageous in applications where a higher
stiffness of NiTi coupled with its shape memory and
superelasticity is required e.g. in cardiovascular stent or
pressure valves.
The influence of different heat treatment temperature on
the hardness and mechanical behavior of commercial
superelastic nickel–titanium for biomedical applications
composed of 51 at.% nickel has been investigated in this
study within the thermal window between 400 and 800°C for
heat treatment. Calorimetric diagrams were used for the
study of the phase transformation courses and the critical
transformation temperatures. In addition, this study
determines how the annealing process affects the
microstructure, deformation behavior in tension and
compression and of Ni rich NiTi rods under controlled stress
and temperature with larger surface area. Moreover, the link
between the heat treatment processes and accumulated strains
is detailed and discussed in terms of pseudoelastic behavior.

2. Experimental Procedures
Nickel-rich Nickel-titanium 10 mm rods were obtained
from Baoji Orchid Titanium Industry Corporation, China.
The nominal composition provided by the manufacturer of
these rod was 55-57 wt.% Ni in NiTi. The nominal
composition was verified using Electron Dispersive X-ray
Spectroscopy (EDS) from 15 areas of the matrix from 3
different as-received samples and the average value was
found to be 56 wt.% of Ni. This indicates the alloy is a
slightly Ni-rich alloy of 51 at.% Ni-49 at% Ti.
The morphology of both the matrix and any second phase
or precipitates was imaged using a scanning electron
microscope (SEM, ZEISS LEO 1450) operating at 20 kV for
microstructural investigations of the as-received and
annealed samples etched in the solution of H2O:HNO3:HF
(5:4:1). EDS study for compositional analysis was conducted
on samples that had been etched.
Structural properties of as-received alloys were determined
using a Bruker D8 Discover X-ray diffractometer with Cu
Kα radiation (Wavelength of about 1.54 Åَ).
A set of the specimens were annealed in an electric tube
furnace in an argon atmosphere at temperatures 400, 500, 600
and 800°C for 30 minutes followed by quenching in water.
Thermal phase transformations were investigated on as-
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received and heat-treated specimens at various annealing
temperatures in order to register the changes in
transformation behavior.
Thermal parameters were collected with a Netzsch DSC
200 F3 differential scanning calorimeter (DSC) to measure
the transformation temperatures Mf, Ms, Rf, Rs, As and Af
during heating and cooling. In the DSC procedure, the
specimens were thermally treated in a range from -100°C to
+100°C with a constant scanning rate of 10°C/min. This
temperature rate is the most efficient one for measuring the
intrinsic transition quantities and also a common value within
published literature [24]. On calorimetry data, exothermic
phase transformations to martensite on cooling are denoted in
the upper curves while endothermic phase transformations to
austenite on heating are denoted in the lower curves. The
transformation temperatures for all samples were measured
by using the tangent method. Each samples were tested 3
times with DSC.
An Instron Wolpert 930 Tester machine with Vickers test
procedure was employed for hardness measurements.
Cylindrical tensile test samples (8 mm diameter and 25 mm
gauge length) were prepared from the as-received bars
according to ASTM E8 [25]. Three replicate specimens were
used for each data points reported in this study. The
mechanical test was conducted at room temperature (23°C)
using a Zwick/Z250 universal tensile test machine with a
quasi–static strain rate of 6×10−4 s−1. For testing at body
temperature, an induction heating system was used to heat
the sample uniformly until 37°C. The same set up was used
to heat samples up to 60°C for tests at higher than body
temperature. At each set temperature, the specimen was held
for 3 minutes to bring the sample to thermal equilibrium. The
temperature of the sample was monitored during the test

using two type K thermocouples. A set of these specimens
were annealed in an electric tube furnace in an argon
atmosphere at temperatures 400, 500, 600 and 800°C for 30
minutes followed by quenching in water. Thermal phase
transformations were investigated on as-received and heattreated specimens at various annealing temperatures keeping
the samples in tension in order to register the changes in
transformation behavior. Also for compression test,
cylindrical specimens were produced with 10 mm in diameter
and a height of 15 mm following ASTM E9 standard [26].
The superelastic responses of the as-received and heat
treated samples were studied using stress–strain
measurements in tensile and compression mode and the
residual strain was calculated after loading to the 4 and 6%
engineering strains.

3. Results and Discussion
3.1. Microstructural Studies
Figure 1 indicates the SEM image of the as-received NiTi
specimen. As can be seen in Figure 1 (a), the as-received
material is B2 austenite phase with average grain size of 18 ±
5.2 µm. The influence of surface stress or the strain from the
sample preparation (grinding step) for microstructure studies
caused the martensitic structure in the austenite grains.
An example of EDS analyses of the cross-section area
(especially the spots on the micrograph) in Figure 1 reveals
some information about the condition of the sample. It is
clear that the round-shaped second phase is Ti3Ni4
precipitates. In Figure 1-b, the precipitate is seen with an
irregular morphology although several precipitates in nano
size reveal a high regular morphology.

Figure 1. (a) SEM micrograph of the as-received material, (b) EDS spectrum and elemental quantitative data representative of the precipitate showing the
typical composition of the Ni-rich NiTi alloy. The B2 grain boundaries have been highlighted to clearly visualize the grain size and distribution.

Figure 2 presents the XRD pattern of the as-received Ni-rich NiTi alloy. Two groups of diffraction peaks can be clearly
observed in this spectrum, one group corresponds to the austenite phase, and the weaker peaks are related to the second phase
(Ti3Ni4) as reported previously [27].
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Figure 2. XRD pattern of as-received NiTi alloy.

Figure 3 shows the cross section SEM micrographs of NiTi samples after different annealing temperatures at 400, 500, 600
and 800°C, respectively. As shown in Figure 3, the matrix is primary NiTi (B2) phase with small amounts of precipitates. Fine
precipitate phases are homogeneously dispersed in the NiTi matrix, while the parent phase grains are relatively coarser in the
heat treated samples.

Figure 3. SEM images of Ni-rich NiTi alloy after annealing at different temperatures for 30 min, showing coarser B2 structure. (a) 400°C, (b) 500°C, (c)
600°C and (d) 800°C.
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Quantitative analysis confirmed that an increase in the annealing temperature results in an increase in grain growth, larger
austenite grain size with a wider size distribution, except in the sample annealed at 600°C. It means that the recrystallized
grains have not enough growth time.
However, at 800°C, some of the newly formed grains grow at the expense of neighboring grains, which causes a higher
range of size distribution.

Figure 4. Austenite grain size at different annealing temperatures.

3.2. Thermal Behavior
Figure 5 shows the DSC result of the as-received sample.
During the forward and reverse transformation, the asreceived specimen transforms directly from martensite to
austenite and austenite to martensite. The exothermic and
endothermic peaks have been observed both for the forward
and reverse transformation on cooling and heating
respectively. For as-received sample martensite phase starts
forming from -22.4°C (Ms) and becomes fully martensitic at -

89.2°C (Mf). On the other hand, the reverse transformation to
the parent phase starts at -40°C (As) and finishes into
austenite at -6°C (Af). The Ms temperature of the as received
alloy is within the known range of Ms for the amount of Ni
present [28]. We also see an overlap of the Ms and As
temperatures which has also been observed in the literature
[21, 29]. Furthermore, the data from different works confirm
that the transformation temperatures from the as-received
sample are in the range [28].

Figure 5. DSC test for the as-received NiTi sample.
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However, the historical heat treatment of the as-received
material is unknown; a one-step (B19↔׳B2) phase
transformation during the DSC test indicates that the
delivered material was annealed at a temperature above the
recrystallization temperature (600°C). This conclusion is
based on previous studies that have tested cold drawn and hot
rolled materials without annealing [21, 30, 31]. Figure 6
shows the DSC curves of samples with different annealing
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temperatures. Samples that were annealed at temperatures in
the range of 400 to 500°C demonstrated two-step
transformation from B2 to R-phase (first DSC peak) followed
by a transformation from R-phase to B19׳. However, samples
which were annealed at 600 and 800°C transformed directly
from B2 to B19 ׳and there was no presence of the R-phase in
the cooling cycle. The results in this study are consistent with
those of several previous studies [21, 30, 32].

Figure 6. DSC curves of samples annealed at different temperatures.

Increasing the annealing temperature to 600°C leads to
grain refinement, indicating that recrystallization had
occurred to some extent. Moreover, the pronounced effect in
the DSC curves is related to the recrystallization process and
grain growth of annealing at 600 and 800°C [21, 33]. The
calorimetric data from the as-received and heat treated ones,
reveals the contribution of dislocation rearrangements and
their annihilation, reduction of accumulated strains and
internal residual stresses which causes the mobility of the
crystals [21].
Figure 7 shows the evaluation of transformation
temperatures with annealing temperatures. Starting and
finishing R-phase temperatures decrease as the annealing
temperature increases from 400 to 500°C, because the kinetic
barrier to form R phase is lower. However, the R-phase peak
no longer exists above the 600°C and direct transformation
from austenite to martensite on cooling was observed.

It is obvious that fine-grained samples have an increased
grain boundary area with a higher density of defects. These
conditions lead to nucleation and growth of the a
rhombohedral distortion of the cubic austenitic phase with a
relatively small transformation strain [34]. Also, for annealed
samples below 600°C, the coarser microstructures aid R →
B19’ phase transition and the required undercooling for
transformation process is less and this confirms our results.
On the other hand, the B2→ B19’ phase transition shows
self-accommodation of individual B19’ variants which
annealed above recrystallization temperature. Because the
strained grains are replaced, by more regularly-spaced and
new dislocation-free ones, the stability conditions of B2, R
and B19’ phases are changing and stress free strain of direct
transformation from parent phase to martensite is less than
that of two steps transitions.
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Figure 7. Effect of annealing process on the transformation temperatures of 51Ni-Ti shape memory alloy.

Moreover, martensite and austenite finishing and starting
temperatures (Mf, Ms, Af and As) are sensitive to the
annealing temperatures ranging below and above
recrystallization temperature (600°C) and the same slow
change is repeated for samples annealed above it.
3.3. Mechanical Behavior
3.3.1. Hardness Test
Average Vickers hardness for five measurements on each

specimen as a function of heat treatment states is plotted in
Figure 8. Hardness, which is the resistance of material to
plastic deformation caused by indentation and the trend of
the plot, can be divided into three stages. In the first stage,
increasing the temperature from 400 to 500°C slightly
decreases the hardness. The hardness increases gradually and
reached a maximum value of 305 VHN after 600°C
annealing for 30 min. In the third stage, another decrease, to
288 VHN, occurs as aging temperature increased to 800°C.

Figure 8. Vickers hardness of the Ni51Ti49 as a function of annealing temperature.

It is worth noting that the alloy is austenite at room
temperature and unaffected by the changes in microstructure.
On the other hand, the strain hardening and generation of a
large internal stress result in the formation of stress-induced
martensite during the hardness test [35]. The decrease in
hardness observed at low temperatures annealing is attributed
to the effect of material softening, grain size and second
phase coarsening with approaching incoherency which was

reported previously [36]. The data analysis shows an increase
in hardness at higher annealing temperature due to formation
of new grains free of dislocations and precipitation of
coherent Ti3Ni4. It is suggested that Ti3Ni4 precipitates
partially dissolved and achieved a similar size to that of the
as-received material. On the other hand, increasing the
annealing temperature to 800°C causes a slight change in
austenite grain size, coarsening of Ti3Ni4 precipitates, and
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therefore a gradual decrease in the hardness.
3.3.2. Tensile Test
Tensile tests were done at room temperature to investigate
the mechanical behavior of 51Ni-Ti alloy with various
annealing temperatures. Figure 9 displays the complete
deformation behavior of as-received and heat-treated
specimens to failure. It can be seen that the higher work
hardening occurred for as-received and annealed samples
below 600°C and the failure strain increased significantly as
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the annealing temperature increased. As illustrated in the
tensile curves, samples that were annealed at 400 and 500°C
fractured at around 12% strain, whereas samples annealed at
600 and 800°C failed at approximately 36 and 32 strain,
respectively. Furthermore, in the linear plateau area of the
samples annealed at 400 and 500°C the stress remains almost
constant, however, it is uniform but longer for the samples
annealed at 600 and 800°C. This conclusion is based on
previous studies that have reported [16].

Figure 9. Tensile curves of NiTi alloy at room temperature for different annealing temperatures up to fracture.

It can be concluded that as the annealing temperature
increases, the material becomes more ductile and easy to
deform [16]. This behavior is possibly due to the
disappearance of the internal stress fields between the
crystals when the material is heat-treated at high
temperatures above the recrystallization temperature (600°C)
[16].
The elastic modulus (normal stress divided by the normal
strain) of the as-received and heat-treated samples in the

elastic deformation stage of austenite are shown in Figure 10.
It is clearly seen that the elastic moduli of the samples has a
similar variation tendency as the trend of the hardness. The
Young’s modulus of the as-received material was 64 GPa and
it decreased to 32 and 26 GPa by subsequent heat treatment
at temperatures 400 and 500°C, respectively. It is worth
noting that annealing at lower temperatures restores ductility,
removes internal stresses and forms grain boundaries with
lower density, which leads to the smaller Young’s moduli.

Figure 10. Measured experimental data of elastic modulus versus annealing temperature. Error bars represent the standard deviation.
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The increases in the Young’s modulus by the annealing at
600°C is attributed to the perfect recrystallization structure
generated. The alloy exhibits maximum values of Young׳s
modulus and strength, while possessing perfect ductility.
While, higher annealing temperature caused a slight modulus
reduction because of grain growth and precipitation
coarsening.

3.3.3. Superelastic Behavior in Tensile Mode
As can be seen in Figure 11, the superelastic behavior
studies are based on considering the residual strain and stress
induced martensite (SIM) stress [37]. Residual strain is the
small and permanent strain that remains after the load-unload
cycle and, as a result, the smaller remaining strain shows the
improvement in the pseudoelastic performance [37]. SIM
stress is defined as the intersection of the tangents of elastic
and plateau regions [38].

Figure 11. The load-unload stress- strain curves of as-received samples at room temperature.

As shown in Figure 11, the first step in the deformation
process is the elastic response of austenite which is followed
by the formation of stress-induced martensite showing a
stress-plateau. However, inelastic deformation mechanisms
such as slip and twinning consequently take place with
increasing strain and the development of stress fields [14].
Interestingly, nonlinear slopes of the unloading part of the
curves illustrate the effect of different sources of distortion

include the elastic strain of parent phase, the reverse SIM-toaustenite phase transformation, and internal back stresses
[14, 39, 40].
The aforementioned pseudoelastic parameters for the
processed samples at different annealing temperatures after
6% strain are shown in Figure 12. As illustrated in Figure 12,
it is clear that annealing temperature significantly affects the
superelastic behavior of NiTi shape memory alloys.

Figure 12. The residual strains and SIM stresses achieved by applying load-unload tensile tests to 6% strain at room temperature.
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For the samples annealed at 400 and 500°C, the
combination of grain growth and coarsening of precipitates
results in poor superelasticity and lower SIM stress. By
increasing the annealing temperature to 600°C, the improved
superelastic response of the material can be seen. The smaller
residual strain and higher amount of SIM stress are attributed
to the occurrence of recrystallization, partial dissolving of
second phase and keeping the coherency with the ordered
matrix lattice. However, loss in coherency of Ti3Ni4
precipitates via annealing at 800°C promotes the increase in
particle spacing and facilitates the formation of SIM at lower
stress. Therefore, it is expected that the coherency loss affects
particle’s interaction, moving dislocations and migrating
grain boundaries which cause imperfect superelastic
performance [41, 42].
The plastic deformation, as a barrier for complete
reversion which stabilizes the martensitic variants, is in the
lowest amount for annealed sample at 600°C in comparison
with other deformed specimens. As presented, the lowest
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amount of residual strain is 0.71%; this represents 5.29%
strain recovery after unloading. However, a small amount of
residual strain may indicate that residual stress remained
within the bar and the reverse transformation would not
entirely occur during unloading [43, 44].
After going through the obtained results, some
clarifications are required. The most desirable room
temperature tensile strength and ductility with a narrower
range of grain sizes are attained in specimen which annealed
at 600°C. This condition not only exhibits a clean
pseudoelastic behavior, but also provides sufficient strength
due to the formation of stress-induced martensite. Formation
of coherent Ti3Ni4 precipitates is one of the essentials for
higher strength and superelasticity development [45].
Coherent precipitates suppress dislocation movement,
increase the critical stress for plastic deformation and act as a
nucleation sites for martensite variants. As a result, the
critical stress for the martensitic transformation of samples is
decreased [45].

Figure 13. The load-unload stress- strain curves of annealed samples at 600°C.

To conduct the superelastic test for annealed condition,
samples were loaded to 4% and 6% at room and body
temperatures. The stress- strain response of the optimized
specimens at room temperature is shown in Figure 13. It is
obvious that with increasing the loading amount, plastic
deformation is raised and causes higher irrecoverable strain
[45].
Addtionally, a load-unload test was performed at 37 and
60°C to explore the temperature sensitivity of our Ni-rich
shape memory alloy and similar results were found for
replicate specimens.
Based on these stress-strain curves, the heat-treated 51Ni–
Ti showed acceptable superelastic behavior and almost the

entire elongation recovered its original shape during the
unlading step. Data analysis from Figure 13 and 14 clearly
indicated that the mechanical properties and superelasticity
parameters of nickel–titanium alloy were strongly affected by
temperature changes. At room temperature, the annealed
samples exhibited residual strains by applying 4 and 6% cold
work. However, the recoverable strains of 5.42% and 3.89%
with a recovery rate of 90 and 97% at body temperature were
obtained from annealed samples which loaded to 6 and 4%
strain, respectively. The specimens showed improved
superelastic behavior at 37°C, however, super performance
with a significant increase in SIM stress (19%) at 60°C,
similar to reported previously [44].
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(a)

(b)
Figure 14. Stress-strain curves of the annealed superelastic NiTi samples at different test temperatures; (a) 37°C, (b) 60°C.

3.3.4. Superelastic Behavior in Compression
Mode
Compression tests were conducted on both the as-received
and the heat treated samples at 600°C which exhibit three
stages, first step elastic deformation of austenite phase,
second stage stress-induced martensite formation; and third
martensite phase plastic deformation [46]. From Figure 15, it
can be seen that the specimens exhibited asymmetric
deformation performance between tension and compression.
The critical stress for stress-induced martensitic
transformation, extracted from Figure 11 and 15, 45% and
61% was higher in compression than in tension for asreceived and annealed ones, respectively. The asymmetry in
deformation behaviour attributable to the inherent
characteristics of stress-induced martensite transformation
[47].
Compared with as-received alloy in Figure 15, the work

hardening rate of the annealed samples is reduced, and the
SIM stress of the as-annealed alloy is increased. There are
some aspects for the deformation performance of annealed
alloy being improved. The density of defects, such as point
defects and dislocations, is decreased after annealing above
recrystallization temperature and the grains are refined.
Moreover, the dislocation tangles which causes work
hardening decreases and the material becomes softer.
Despite the fact that the strength of typical alloys
decreases with increasing temperature, required stress for
deformation of the austenite (Af<T<Md) is increased duo to
SIM transformation in shape memory alloys [14]. Upon
increasing temperature of compression test for annealed
samples from room temperature, the SIM stress level
increases 7 and 14% at body temperture and 60°C,
respectively.
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Figure 15. Compressive stress–strain curves of as-received sample at room temperature and annealed specimens at 23, 37 and 60°C.

(a)

(b)
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(c)
Figure 16. (a) Stress–strain curves of as-received and annealed samples at 600°C under 4 and 6% loading at room temperature, (b) Stress–strain curves of
annealed bars at 600°C under 4 and 6% loading at 37 and 60°C, (c) Effect of test temperatures on the residual strains and SIM stresses of heat treated 51NiTi.

Figure 16(a) compares the room temperature loading and
unloading curves of the as-received and annealed specimens
at 600°C. After 4 and 6% loading, the optimum
superelasticity which defines by lower residual strain
obtained and it is attributed to the recrystallization process.
As is clear in Figure 16(a), promising superelastic response
of the material is accomplished by annealing at 600°C.
The evolution of the residual strains with annealing
process at 600°C for the rods is depicted in Figure 16(b) at
body temperature and 60°C. It is worth noting that the
minimum residual strains are recorded for heat treated
samples at 60°C.
The superelasticity parameters of compressed samples
after annealing are given in Figure 16(c). It shows that the
maximum SIM stresses produced by test temperature
increase with increasing the temperature of environment.
Moreover, the residual strains accumulated by 6% loading
decrease 22.9 and 43.7% for 37 and 60°C, respectively in
compression with room temperature data. The same behavior
is noticed for 4% compression loading with 29.4 and 54.1%
with increasing the test temperature from 23°C. It is clearly
recognized that a significant performance is obtained at body
temperate and 60°C in the annealed specimens at 600°C. In
the biomedical field, the good performance is essential
around body temperature which confirmed by mentioned
experiment results.

4. Conclusions
The effect of annealing temperature on the transformation
and deformation behavior of Ni rich NiTi shape memory
alloy has been studied. The main conclusions are as follows:
a. The microstructure of 51Ni-Ti alloy is consistent with
B2 grains with Ti3Ni4 precipitates which austenite grain
size increases with increasing the heat-treatment
temperature.
b. Annealing above the recrystallization temperature

c.

d.

e.

f.

g.

causes the R-phase to extinct and a direct
transformation from austenite to martensite takes place.
The transformation temperatures increase as the
annealing temperature increases; however, the starting
and finishing R-phase transformation temperatures
decrease and disappear above the recrystallization
temperature. Endothermic and exothermic peaks of the
DSC curves are more distinct at 600 and 800°C
annealing temperatures.
In this study, the elastic modulus and hardness display
the same trend. With annealing at 400 and 500°C, the
materials are easily deformed by the stress; however,
the enhancement has been obtained in annealing above
the recrystallization temperature.
For the mechanical behavior of NiTi alloy at room
temperature, the plasticity of the alloys enhances by
increasing annealing temperatures. Moreover, annealing
above recrystallization temperature reveals microstructure
evolution with stress-free grains and higher SIM stress.
The evaluation of the superelastic properties of Ni–Ti
shape memory alloy under loading-unloading to 6%
strain shows that the residual strains tend to increase
initially with the annealing process at 400 and 500, but
then decrease again as the annealing temperature is
600°C. Another increase is with increasing annealing
temperature to 800°C. However, annealing at 600°C is
recommended in order to obtain adequate SIM stress
with lower residual strain.
The improvement of compression superelasiticity by
aging at 600°C attributable to the residual strain was
clearly observed. Also, the superelastic behavior is
superior in the annealed alloy over wide temperature
range.
On the basis of obtained results, the annealed 51Ni-Ti at
600°C with a high level of mechanical properties, in the
clinically useful temperature range, is a promising
candidate for potential biomedical applications.
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