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In the current paper, a predefned thermomechanical procedure has been applied to the two-way shape memory efect (TWSME)
in a NiTi alloy to study the efect of two diferent applied load conditions on the induced martensitic state. Te microstructure of
the strips was studied using optical microscopy (OM), scanning electron microscopy (SEM) ftted with an EDS microprobe, and
microhardness tests at the end of both the training and thermal cycles. Inducing internal stresses along specifed directions during
training cycles results in the formation of oriented martensitic variants rather than expected twinned martensitic variants upon
cooling. It was found that the microstructure is made up of interlocking martensitic lathes, including the fne martensite colony
next to the coarse martensite lathes. Furthermore, the results of the average hardness tests for bending at one point and three
points were 241 and 247HV0.2, respectively. It was shown that only the cubic austenitic phase (B2) and the martensitic
monoclinic phase (B19′) experience transformation. Te results reveal that homogeneous bending in three locations leads to
achieving the best diference between high- and low-temperature curvatures after training.

1. Introduction

Due to their combination of the shape memory efect (SME),
superelasticity, biocompatibility, and high reliability, shape
memory alloys (SMAs), particularly NiTi alloys, are regarded
as smart materials for the development of new advanced
devices [1].Tese materials are characterized by the presence
of two diferent phases, namely, austenite, stable at high
temperatures, andmartensite, stable at low temperatures [2].
Te shape memory efect is caused by the thermo-elastic
martensitic transformation and the corresponding shape
changes in the crystallographic lattice. Te shape memory
efect should be improved by carefully studying and opti-
mizing the chemical composition, annealing, and shape-
setting treatments [3]. Tere are four transformation tem-
peratures present in shape memory alloys. During cooling,

austenite undergoes a forward transformation into mar-
tensite, which starts at the martensitic start temperature
(Ms) and ends at the martensitic fnish temperature (Mf).
When heated, martensite undergoes a reverse trans-
formation into austenite that starts at the austenitic start
temperature (As) and ends at the austenitic fnish temper-
ature (Af) [4]. Tese transformation temperatures range
from absolute zero to around 100°C and are therefore
suitable for a variety of near-ambient temperature
applications.

Numerous mechanical devices that rely on NiTi wires or
strips to induce a particular actuation use the one-way shape
memory efect (OWSME). Tis efect is the material’s ca-
pacity to recover signifcantly from large deformations ex-
perienced during heating above a critical temperature. Te
OWSME has found uses in various applications, such as
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automotive, aerospace, biomedical, and civil engineering,
because it can allow for a device to be stored and applied in
a compacted deformed martensite state and then deployed
through recovery into its original shape by undergoing
a thermal transformation into the austenite phase [5].
However, the OWSME is limited in applications, as it can
only recover once via a transformation from the deformed
martensite phase into the austenite phase; upon return
cooling into the martensitic phase after deployment, the
material will maintain the deployed shape.

In addition to the one-way shape memory efect
(OWSME), the NiTi alloys may also exhibit the two-way
shape memory efect (TWSME). In the absence of applied
stress, the material exhibits a return to the reoriented
martensitic shape upon cooling below Ms. An internal
elastic stress is created inside thematerial during the training
process by applying deformation that is greater than the
plastic range. Altering the thermal cycles causes the material
to take on various shapes [6]. By creating an internal elastic
stress feld in the shape memory alloys, prior researchers [7]
have experimented with various training techniques to
achieve the two-way shape memory efect (TWSME). Some
of the typical two-way training methods fall into the fol-
lowing categories [8]:

(1) Signifcant deformation caused by cooling below the
Martensite fnish temperature

(2) Deforming and heating above Austenite fnish
temperature while cooling below Martensite fnish
temperature

(3) Loading and unloading and cooling below Md

(4) Cooling below Martensite fnish temperature,
loading and constraint, release, and heating above
Austenite fnish

(5) Heat above the Austenite fnish, deforming and
constraining, cooling below the Martensite fnish,
and cycling between these two fnishes

Ponikarova et al. [9] investigated the two-way shape
memory efect degradation due to stress relaxation during
holding predeformed Ni-50.0 at % Ti alloy at temperatures
from a range of 640–700K for 0–60min.Tey found that the
main degradation of the two-way shape memory efect is
related to holding the sample up to 60min, while full
degradation is not observed even after holding at 700K for
6 h. A three-dimensional fnite strain constitutive model for
SMAs was applied by Xu et al. [10] to investigate the two-way
shape memory efect through a large deformation frame-
work. It was reported that the model is capable of predicting
the TWSME for thermos-mechanically trained SMAs under
load-free conditions and also capturing the decreasing stress
level to initiate the phase transformation during pseudoe-
lastic cycling by application of an accumulating internal
stress tensor. Rita et al. [11] studied the thermomechanical
treatment to achieve stable two-way shape memory strain.
Tey showed that the TWSME can be achieved in the Ti-49.8
at.% Ni alloy by rolling to 40% thickness reduction in
austenite phase at temperatures 470–870K due to the for-
mation of anisotropic internal stress felds and, at the same

time, the recrystallization and recovery process of grains for
rolling under high temperature.

As a result of the martensite phase change, anisotropic
dislocations develop inside the matrix. Due to the aniso-
tropic stress feld created by these dislocations, martensite
with preferentially oriented variance can be formed.
Terefore, the macrostructure evolves during thermal cycles.
Previous research on TWSME focused on the generation,
explanation, and impact of various parameters on the
magnitude of this efect [12, 13]. Additionally, the impact of
applying various prestrains and deformation was previously
investigated on various NiTi alloy types with the addition of
third alloy elements [14–17]. Qader et al. [18] studied the
efect of boron elements on microstructure evolution and
thermomechanical properties of a Ni-riched NiTi shape
memory alloy. It was found that the biocompatibility of NiTi
alloy was improved by adding only 0.8 at % B due to a re-
duction in Ni ion release. Te efect of Ta content on
thermomechanical properties and transformation temper-
ature of shape memory NiTi alloys was investigated by
Dagdelen et al. [19]. Tey found that by increasing the
amount of Ta, the dendrites’ length of microstructure in-
creased while random orientations decrease. In addition, as
the amount of Ta increased, the phase transformation
temperatures of the specimens signifcantly changed. Te
infuence of Zr onmicrostructure andmechanical properties
of shape memory alloys was investigated by Li et al. [20]. It
was concluded that the transformation temperatures de-
creased linearly in approximately with the Zr content in-
creasing up to 5 at. %. Moreover, the Zr addition led to the
reduction of the size of the Ti2Ni type second phase, and the
critical stress for the martensite reorientation and the tensile
strength were signifcantly improved.

Despite extensive research, according to the authors’
knowledge, there is still a lack of knowledge regarding the
best way to maximize the two-way shape memory efect.
Common methods generally involve deforming the material
while it is in the martensitic phase, heating it to a temper-
ature above austenite’s melting point, and then cooling it
below martensite’s point. Due to this, the goal of the current
study is to alter the deformation strain during the training
procedure by applying bending deformation at the strip’s
center at one point (BD1P) and three points (BD3P). Te
obtained results revealed that the bent sample had a stable
and maximum two-way shape memory efect.

2. Experimental Procedure

In this study, Memory Alloy Co. provided nearly equiatomic
NiTi plates (50.2% Ni−49.8% Ti). Te strips were then cut
from the plates using electro-discharge machining (EDM),
having dimensions of 50, 3, and 1.52mm. Prior to the shape-
memorizing heat treatment, all specimens underwent
annealing treatment by being heated to 750°C for 25minutes
in an electric furnace to undo any prior treatments. Flat
shape strips were taken into consideration for memoriza-
tion. After 25minutes at 500°C in the furnace, the strips were
removed and cooled in a glycol bath (−15°C). By exper-
imenting with various time and temperature combinations
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to fnd the ideal parameters, the time and temperature of the
shape-memorizing treatment were determined from earlier
studies [21].

Diferential scanning calorimetry (DSC) was used to
analyze the material’s transformation behavior and de-
termine the precise Martensite and Austenite start and fnish
temperatures by preparing a sample with a weight of 10mg
and a size of less than 4mm and a constant heating/cooling
rate of 10C/min.

2.1. Training. According to previous research, 10–15% de-
formation was recommended for the strip to achieve the
maximum two-way shape memory efect [22]. Another
study that used a bending strain of 7% for training produced
poor and unstable TWSME of less than 1% [2]. Additionally,
applying a load that is over 15% has the opposite efect.
Terefore, 12% strain deformation was chosen for the strips
in this study and applied. Te following steps were repeated
for a specifc number of cycles before being applied to the
strips as part of a specially designed training process:

(1) Prestrain in a glycol bath with uniform bending at
T>Mf

(2) Heating in hot water at T>Af

(3) Cooling in the glycol bath at T>Mf (−15°C)

Based on selecting the 12% strain for the primary de-
formation of TWSME, the necessary diameter of the
bending mandrel was calculated based on the following
equation:

εd �
d

(d + 2R)
, (1)

which εd is the applied strain, d is the thickness of the strip,
and R is radius of the bending mandrel.

As a result, a mandrel with a diameter of 11.15mm was
considered for bending. Figure 1 indicates the schematic
form of two-way strain during the training procedure. Te
strain of each sample in hot and cold positions was calcu-
lated by the following equation:

εhot/cold �
d
2

􏼠 􏼡 × curvaturehot/cold( 􏼁, (2)

and then two-way strain was calculated by diferences of
strain in hot and cold positions according to the following
equation:

εtw � εcold − εhot. (3)

A specially created tool was used to apply the prestrain in
each and every strip.Te external layers of the strips could be
subjected to a strain of up to 12% using this tool. Twenty
times, the load application, heating, and cooling processes
were repeated. Each stage of the ensuing strain analysis
procedure involved taking an image of the strips. Te strips
were then put through several thermal cycles to see if the
material could remember both low-temperature and high-
temperature shapes. To freeze the position of each step, an
image of the strip in the heating and cooling positions was

taken using the same camera, objective distance, and
magnifcation. Using commercial image analyzer software,
the obtained images were examined to determine the cur-
vature of the strip in each step. Te schematic of the ex-
perimental setup for the training procedure is shown in
Figure 2.

2.2. Metallography and Microhardness. For mounting, the
sample was cut by EDM into small dimensions. To achieve
the mirror surface, the samples were ground with emery
papers ranging in size from 400 to 2500 and then polished
with 6-, 3-, and 1-micron alumina. Te samples’ micro-
structure was examined using an etchant made of HFHNO3-
CH3COOH [14]. In order to study the microstructural
changes brought on by training, microstructural analysis was
also carried out using optical microscopy (OM) and scan-
ning electron microscopy (SEM) Zeiss EVO MA 15
equipped with an EDX microprobe. According to standard
UNI EN 6507 : 2006, a 200 gf load was applied to each sample
for 15 seconds during the hardness test, and eight points
through the thickness were measured.

2.3.X-RayDifraction. X-ray difraction is a valuable tool for
determining the crystallographic structure of materials. For
detection of the existing phases, X-ray difraction was
performed on BD1P, BD3P, and as-received strip. Te
Brucker AXS D-8 XRD equipment was applied using CuKα
radiation (λ� 0.154 nm) at 40 kv and 20mA. Te XRD
spectra of the specimen were recorded in the 2θ range
between 8 and 120° with a scan step of 0.01°.

3. Results and Discussion

3.1. DSC Results. Diferential scanning calorimetry (DSC)
was performed on the sample to determine the trans-
formation temperature of the strip. Te DSC results dem-
onstrated the importance of austenite start and fnish (As,
Af ) and martensite start and fnish (Ms, Mf ) for the form
strip that had been memorized and received. Te trans-
formation peak at higher temperatures is related to the
martensite to austenite (B19′–B2) phase transformation
while the peak at lower temperatures stems from the aus-
tenite to martensite (B2–B19′) phase transformation. Te
tangent line between the peaks on the DSC curves was used
to calculate this value. It should be noted that precise
temperature measurement was challenging due to the

Deformation position
Cooling position

Heating position

R

d Memorized form

Figure 1: Schematic form of two-way shape memory efect during
training.
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peculiar shape of DSC curves. Additionally, Table 1 cate-
gorizes all pertinent temperature information.

According to the DSC results, only the cubic austenitic
phase (B2) and the martensitic monoclinic phase (B19′)
underwent a transformation. According to one study, the
chemical composition of the alloy and previous cold
working has a signifcant impact on transformation tem-
peratures [23]. Additionally, as shown in Figure 3, the ap-
plication of the shape-memorizing heat treatment has
changed the transformation temperatures. According to
Kaya et al. [23], solutionized Ni50.8Ti49.02 alloys could show
positive and negative TWSME if they are plastically de-
formed in martensite and austenite (aboveMd), respectively.

3.2. Microstructural Analysis. Grain size is one of the most
signifcant microscopic parameters of polycrystalline ma-
terials, which can observably impact mechanical behavior.
For NiTi SMAs, a lot of research studies on the mechanical
properties of such alloys with grain size have been reported
[24–26]. It has been indicated that the tensile strength and
Young’s modulus of NiTi SMAs both increase by reducing
the grain size due to the inhibition of stress-induced mar-
tensite transformation in the ultrafne grains. Martensite
dominated the microstructure in this study. Following
thermal cycles, Figure 4 shows optical microscopy of both
strips of NiTi alloy. As is evident, the microstructure is made
up of interlocking martensitic lathes (needles with various
sizes and oriented directions). Additionally, the fne mar-
tensite colony can be seen next to the coarse martensite
lathes. Te SEM images of both samples taken at the edge
and center of the strips are shown in Figures 5 and 6, re-
spectively. It is known that a decrease in grain size depresses
the martensitic transformation which is the reason for the
unique functional properties of shape memory alloys and
signifcantly infuences the martensite twin structure [27].
To be more specifc, as reducing the grain size, the plastic
deformation resistances gradually increase due to the Hall-
Patch efect, and the grain size efect of martensite trans-
formation and reorientation reduces the deformation mis-
match introduced in the polycrystalline system and leads to

the decrease of local internal stress level during the cyclic
deformation; therefore, the generation and accumulation of
plastic deformation are inhibited [28].

Te sample’s EDS analysis, which revealed the alloy’s
elemental composition in percentage terms, is shown in
Figure 7. Figure 8 also shows the strip’s distribution map for
the elements nickel and titanium as well as the high ho-
mogeneity of the element distribution in the microstructure.

3.3. Microhardness Test. When comparing shape memory
alloys to conventional materials, measuring the mechanical
properties such as hardness revealed signifcant diferences
due to phase deformation and changing phase volume
during heating and cooling stages. Tis is primarily caused
by the intrinsic properties’ contribution of interface energy
and bulk phase transition energy [29]. Te resistance to
deformation caused by dislocation motion and martensite
reorientation can afect how hard NiTi shape memory
alloys are.

Te hardness profle for each sample is drawn in Fig-
ure 9. For BD1P, the hardness is comparatively higher on the
external and internal surfaces of the thickness than in the
center. Te outer and inner parts of the strips are put under
tension and compression, respectively, when they are bent
into a round shape. Work hardening, which results from the
material’s deformation during repeated bending and ulti-
mately increases hardness, happens as a result. Moreover, it
is possible to say that dislocations reach that zone’s pre-
cipitation and accumulate there. In BD3P, the value of
hardness is essentially constant throughout the thickness, in
contrast to BD1P. Te most common deformation mode in
bending is slip along slip bands that are evenly spaced close
to the neutral axis. In order to leave traces on deformed
specimens, slip tends to concentrate on a small subset of all
possible slip planes. More slip bands form through the
thickness and dislocations are more evenly distributed in the
sample BD3P, which causes the hardness value to essentially
hold steady. Furthermore, the results of the average hardness
tests for bending at one point and three points were 241 and
247HV0.2, respectively, which are largely comparable.

Two parallel deformation mechanisms that act during
the training cycles are twining and slipping of the disloca-
tions. Twins become larger under cyclic loading, and dis-
locations caused by shearing allow precipitation to move
more quickly. Tese two mechanisms cause the hardness to
increase, especially near surfaces. Tis work can be com-
pared to Gloanec et al.’s [30] investigation of the low cycle
fatigue behavior of NiTi alloys. After each cycle, they noticed
an increase in the dislocation density. Tey discovered
a large number of microtwins. Additionally, they discovered
that the dislocations shear precipitates. Due to the small
number of training cycles used in this study, some

Table 1: Transformation temperature of the sample.

Mr Ms As Af

As-received −19.6 51.0 13.3 111.7
Memorized shape −13.3 43.7 19.6 100.6

Digital cameras

Co
ns

ta
nt

 h
ei

gh
t

Cooling bath

Heating bath

Figure 2: Schematics of the experimental test setup.
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precipitates are still not completely shorn by dislocations. As
a result, a portion of the material retains the precipitates,
such as no cycled material.

First, oriented martensite variants form during bending
deformation and training and then dislocation generation
occurs. Dislocations in the base material and martensite

variants are of the same nature. Tere are also two mech-
anisms for the dislocations to slip and twine. Twins become
loggers in cyclic loading, and dislocations with shearing the
precipitates can slip more quickly. Te pre-existing mar-
tensite underwent a reverse transformation during heating,
and the elongated martensite underwent a signifcant
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Figure 3: Transformation temperatures of the alloy specimen (DSC): (a) as-received (b) and memorized shape.

(a)

50 μm

(a)

(b)

50 μm

(b)

Figure 4: Microstructure of NiTi alloy with optical microscope: (a) BD1P and (b) BD3P.

(a)

20 μm

(a)

(b)

20 μm

(b)

Figure 5: (a) BD1P and (b) BD3P nondeformed part.
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driving force contraction during cooling. Additionally,
during reverse transformation, the work-hardened dislo-
cations will have contracted. Dislocation causes a spring
back force that causes reelongation after the contraction.
Primary dislocations cannot produce this kind of force
(spring back).

According to Gall et al. [31], the size of Ti3Ni4 pre-
cipitants, which are primarily produced during the heat
treatment of the strips, is what determines the hardness and
resistance to martensite transformation in NiTi alloys. Te
size of the precipitation also infuences the mobility of the
dislocations in both the parent and martensite phases, just
like it does for regular metals. To be more specifc, fne

precipitation sizes are distributed properly without the ag-
glomeration phenomenon. Te degree of strengthening
resulting from the precipitation depends on several factors
including the shape, the volume fraction, the average particle
diameter, and the interparticle spacing of particles. Tese
factors are all interrelated so that the change of one factor
changes the others. When previous authors [32] looked at
the relationship between precipitation size and hardness,
they discovered that hardness is at its highest when pre-
cipitation size is around 10 nm. Te hardness decreases as
the precipitate size increases to between 100 and 300 nm.
According to another study, the critical shear stress for
dislocation movement is at its highest when precipitates are

(a)

10 μm

(a)

(b)

10 μm

(b)

Figure 6: BD1P and BD3P trained part.

10 μm

Spectrum 2

Spectrum 2

Ni Ti
49,52 50,48

0 2 4 6 8 10 12 14

Figure 7: EDX analysis of the sample.

NiTi

Figure 8: Homogeneous distribution of Ti and Ni element in the alloy.
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around 10 nm in size. When precipitates are 100 nm in size,
this value decreases by two times.

3.4. X-Ray Difraction. Based on X-ray difraction results,
which are shown in Figure 10, there is not so much dif-
ference between obtained peaks from as-received strip,
BD1P, and BD3P. Austenite and martensite phases have
diferent atomic arrangements. Te high-temperature form
of nitinol has a body center cubic structure, below the
transformation temperature the alloy exists in martensite
with lower symmetry. Te martensitic form of NiTi alloys
can be a monoclinic, triclinic, or distorted hexagonal lattice.
Also, just NiTi peaks were detected.

3.5. Training and Two-Way Shape Memory Efect. It should
be noted that by applying the bending load to the strip’s
middle point and to three other points, the efect of the
number of deformation points on the two-way strain ob-
tained was investigated (middle and 10mm distance from
both sides of the center). Tis dimension was taken into
account to prevent deformation from interfering with the
application of the bending load.

Figure 11 shows how the strips looked in the heating and
cooling positions (maximum and minimum deformation of
the strips in heating and cooling positions). Additionally,
Figure 12 shows the shape of the strips at room temperature.

Te data obtained for training strain and two-way strain
measurement for BD1P and BD3P are shown in Figures 13
and 14, respectively.

Te aforementioned diagrams make it clear that after
ffteen to twenty training cycles, the two-way strain in both
graphs becomes constant. As seen in Figure 13, the training
strain is not constant and stable at the beginning of cycles,
which may be due to unevenly applied stress and a higher
level of spring back. Due to applying more deformation, the

training strain in BD3P was more stable. Additionally, the
training strain in BD3P is derived from the initial cycles,
whereas in BD1P, the training strain increases over the
course of 12 cycles and approaches a two-way strain.

Te mean two-way strain in both BD1P and BD3P
samples was 3.5%, but BD3P’s results were more consistent
than BD1P’s because the BD1P sample’s data in Figure 13
clearly show more variables. Previous researchers [33]
looked into how many training cycles had an impact on the
two-way shape memory efect. Typically, the two-way strain
rises during the initial cycles before leveling of with sub-
sequent cycles. Tis demonstrated that the training process
causes the formation of numerous dislocations, which can
result in the creation of a material’s oriented stress feld and
oriented dislocation structure.

As the number of cycles rises, the stress feld that is
already present stops producing new dislocations. Tis re-
gion, based on an external bending load, leads to preferential
martensite deformation. After thermal cycles began, the
dislocations consequently interacted with the oriented stress
feld created by the deformation. Tis leads to a stable
dislocation confguration, which stabilizes the two-way
shape memory efect and causes the macroscopic change.

Moreover, the formation of diferent martensite variances
in the outer and inner parts of the strips is what causes the
specimen to change shape. In addition, because coherent
Ni4Ti3 precipitates are already present in thematrix, a two-way
strain is generated. It is necessary to anneal precipitates at
a temperature of around 500°C in order to achieve the ideal
coherency strain situation. More than this temperature results
in larger precipitates and diminishedmatrix coherency, both of
which have a negative impact on the two-way shape memory
efect [32]. Worth mentioning is that training-related defects
are what cause the two-way shapememory efect.Tese defects
result in residual stress.When the shapememory alloy is cooled
without applying load, it then facilitates the formation of
preferred martensitic variants. Te two-way shape memory
efect will be reduced if the residual stress is altered by aging or
by adding additional mechanical load [34].

It has been known that the number of dislocations increases
with increasing the amount of deformation [35]. Because more
dislocations are produced in the BD3P sample, the back
transformation to B2 is impeded, the stress feld area grows and
more stable deformation can be obtained after training. In other
words, the increase in dislocation densities is associated with
higher driving forces for recrystallization. When dislocation
densities increase, driving forces are strong enough to result in
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complete recrystallization. It should be noted that as de-
formation increases,Ms andMf typically increase along with the
transformation temperature. Te radius of the hot form strip
following BD1P deformation was wider than BD3P de-
formation, which is another problem. Additionally, BD3P’s cold
form strip was closer than BD1P’s. In comparison to the

memorized shape stored inside the strip, it can be said that as
deformation increases, the rate of elastic spring back decreases
and plastic deformation increases. Training with BD1P and
BD3P can be carried out depending on the application of the
strip that requires more spring back to a memorized shape or
a closed circle shape in a cold situation.

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Figure 11: Images of the strip after (a, b) heating and cooling in BD1P and (c, d) heating and cooling in BD3P.

Figure 12: Images of the strips after training at room temperature.
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Additionally, Figure 15 depicts the graph for both strips
for bringing the temperature of the strip from the tem-
peratures of austenite and martensite to room temperature.
As is evident, the temperature becomes constant for heating
after 500 seconds and for cooling after 150 seconds. Both
strips with one-point and three-point deformation exhibit
the same trend of heating and cooling.

Worth mentioning is that the formation of dislocation
during training cycles generally results in the two-way strain,
which creates a local stress zone and helps the preferred
orientation arrangement. Previous studies [7, 36] showed
that diferent training deformations result in diferent two-
way shape memory efect values and that the two-way strain
increases as the deformation strain rises. Additionally, with
large deformation, training produces more local stress,
which is benefcial for producing martensite variants.
Consequently, there is a greater production of the two-way
shape memory efect. It would be concluded that plastic
deformation has a signifcant impact on the rearrangement
of dislocations.

4. Conclusion

Tis study looked into the efects of various bending posi-
tions during the two-way shape memory training process in
equiatomic NiTi alloy. Te medium value of 3.5% two-way
strain can be achieved with bending at one point and three

points, but the obtained values for bending at three points
were more stable than one-point bending. Te results of the
average hardness tests for bending at one point and three
points were 241 and 247HV0.2, respectively. According to
the strips’ hardness profles, the mean hardness for both
strips was the same, but the value at the outer and inner
surfaces was higher than at the central points, which is
a result of more deformation strain. Less variation in
hardness values for BD3P than BD1P may be attributable to
a more uniform distribution of deformation throughout the
thickness. Based on X-ray difraction results, there was not
so much diference between obtained peaks from as-received
strip, BD1P, and BD3P. Depending on how the strip is
applied, one-point deformation or three-point deformation
can be used to perform more two-way strain or more end
close form to a remembered shape, respectively. From
thermal analysis, the temperature becomes constant for
heating after 500 seconds and for cooling after 150 seconds.
Terefore, a predefned thermomechanical procedure is
a recommended alternative to precise alloying with the goal
of maximizing the indentation-induced TWSME efect
within a targeted temperate transformation regime.

Data Availability

Data used to support the fndings of this study are available
from the corresponding author upon request.
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