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Abstract Shape memory alloys can be utilized as actua-
tors for several applications in aerospace industry which
require high strength and stable actuation cycles together
with the transformation temperatures above 100 °C. Aging
is one of the methods for Nickel rich NiTiHf alloys that
adjusts the transformation temperatures and enhances the
cyclic stability due to the formation of nano-sized precip-
itates. In this study, the high cycle functional fatigue life
and behavior of the extruded and aged Nisg3Tize7Hf20
high-temperature shape memory alloy were investigated in
order to reveal the effect of aging on the stability of the
actuation strain and transformation temperatures. The
aging was conducted at 550 °C for 3 h. 200 MPa was
chosen in the functional fatigue experiments since no
irrecoverable strain was determined under this stress
magnitude for the extruded and the aged samples in the
load-biased heating cooling experiments. The fatigue
experiments were conducted twice to check the repeata-
bility of the shape memory properties of the samples and it
was observed that the life cycle of the aged sample was
determined as 20,337 and the extruded sample completely
lost the shape recovery ability after 5000 cycles.

This article is an invited paper selected from presentations at the 2nd
International Conference on High Temperature Shape Memory Alloys
and has been expanded from the original presentation. HTSMA 2018
was held in Irsee, Germany, May 15-18, 2018, and was organized by
the German Materials Society (DGM).

< Benat Kockar
benat@hacettepe.edu.tr

Department of Mechanical Engineering, Hacettepe
University, Beytepe, 06800 Ankara, Turkey

Turkish Aviation Industry, Rotary Wing Technology Center,
Kahramankazan, 06980 Ankara, Turkey

@ Springer

Keywords Fatigue - NiTiHf - Shape memory - Aging

Introduction

Shape memory alloys (SMA) are very unique and special
materials with the ability of remembering their original
shape via heating after they have been deformed. This
unique property of SMAs leads to use them as actuators.
Their high power-to-weight ratio makes possible to utilize
them in aerospace, medical, and automotive industries
[1-5].

Many studies have been conducted on binary Ni-Ti
SMAs, since they have good cyclic stability, high actuation
strain, and mechanical properties [6—8]. However, their
martensitic transformation temperatures are lower than
100 °C such that the usage of these materials are limited
for most the applications. Recently, controlling the actua-
tion behavior of SMAs at high temperatures has attracted a
great attention. The SMAs which are utilized for high-
temperature applications are categorized as “High-Tem-
perature Shape Memory Alloys” (HTSMAs) if their
transformation temperatures are above 100 °C.

It has been addressed in the literature that Au, Pt, Pd, Zr,
and Hf are used as additional alloying elements in NiTi
binary systems to increase their transformation tempera-
tures [9-12]. However, Au, Pt, and Pd are not suitable for
commercial applications since their costs are relatively
higher than that of the others. Thus, studies are focused on
Zr and Hf addition in last decades. High oxygen affinity
and brittleness of Zr make Hf the most promising alloying
element in NiTi systems [11-16].

In Ni-rich NiTiHf HTSMAs, nano-scale precipitates can
be formed via aging. These nano-scale precipitates
strengthen the matrix, so critical stress for slip increases.
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This increase leads to the formation of less plastic defor-
mation even when huge stress levels are applied [17].
Nano-scale precipitates have two distinct effects on trans-
formation temperatures. First one is the increase of the
transformation temperatures with the formation of the Ni-
rich precipitates which leads to the decrease of the Ni-
content in the matrix. The second one is the stress field
around the nano-precipitates which leads to an increase in
the undercooling for complete martensitic transformation
and, thus, a decrease in the transformation temperatures is
observed. Therefore, it can be concluded that precipitation
size and amount are very important parameters for tailoring
the transformation temperatures. Niso3Tisg7Hfpo (at%)
HTSMA is one of the most widely studied HTSMAs, since
the transformation temperatures can be adjusted precisely
via precipitation hardening [14, 18]. In addition to that,
high critical stress for slip via aging makes Nisg 3Tir9 7Hf5q
the most promising HTSMA [19]. Previous studies have
shown that aging for 3 h below 500 °C leads to a decrease
in transformation temperatures. However, aging for 3 h
above 500 °C increases the transformation temperatures
[19]. Additionally, aging Nisg3Tisg ,Hfo alloy at 550 °C
for 3 h gives optimum results in the literature if the mag-
nitude of the transformation temperatures and cyclic sta-
bility behaviors are considered [18].

There are many studies on Nisg3Tisg 7Hf,g HTSMAS
such as load-biased heating and cooling experiments,
stress-free transformation behavior, and microstructural
investigations [20]. However, effect of aging on the high
cycle functional fatigue properties of Nisgy3Tizg7Hfog
HTSMAs has not been demonstrated yet. Only two studies
on fatigue behavior of Nisg3Tiyg7Hf,9 HTSMA were
conducted and published by Karaman and his group
[21, 22]. However, the main focus in their first study was to
show the effect of upper cycle temperature (UCT) and in
their latest study, they focused on the effect of applied
stress level on the functional fatigue response of Nisg ;.
Tiyg sHf,o aged at 550 °C for 3 h.

On the other hand, this study is about showing the effect
of aging on the Nisg 3Ti9 7Hf,0 HTSMA via following the
aforementioned optimum aging parameters and comparing
the functional fatigue behavior of the extruded and aged
samples in terms of actuation strain and transformation
temperature stability. Therefore, this study has an impor-
tance with being the first study which reveals the
enhancement of functional fatigue life and behavior via
aging the Nisg3Tixg 7Hf,0 HTSMA. The upper cycle tem-
perature was not considered and the samples were heated
till the reverse transformation was completed. The samples
were fatigue tested for twice to check the repeatability of
the shape memory properties such as transformation tem-
peratures and actuation strain values.

Experimental Procedures

High-purity elemental materials of Ni, Ti, and Hf were
used to fabricate Nisg3Tizg7Hf5g HTSMA via vacuum
induction melting under high-purity argon atmosphere. The
material was then hot extruded at 900 °C with an area
reduction of 4:1 after it was sealed in mild steel can in
order to decrease the friction between the extrusion die and
the material and to minimize the oxidation during hot
extrusion process. This condition is referred to as “Ex-
truded” throughout the text. A part of the extruded billet
was wrapped in tantalum foil, which was 25.4 pm in
thickness to diminish the oxidation during aging heat
treatment and aged in a vertical cylindrical furnace at
550 °C for 3 h under high-purity argon atmosphere. The
aging heat treatments were ended with water quenching
and this condition is going to be referred as “Aged”
throughout the text. Only 550 °C-3 h of aging treatment
was conducted since it was already shown in the literature
that this aging treatment condition provides better results in
terms of shape recovery in load-biased heating cooling
experiments for Nisg 3Tizg ;Hf,0 HTSMA [20]. Dog bone-
shaped tensile test samples which were used in load-biased
heating—cooling and functional fatigue experiments with a
gage length of 16.6 mm, a width of 2.25 mm, and a
thickness of 1 mm were cut using wire electrical discharge
machine (WEDM). Differential scanning calorimetry
(DSC) and optical microscope (OM) specimens were cut
via diamond saw precision cutter without applying load
and at a very low speed to prevent inducing stress.
Stress-free transformation temperatures of both extruded
and aged Nisg3Tiyg 7Hf>y samples were measured using
Perkin Elmer Differential Scanning Calorimetry (DSC) 800
before load-biased heating—cooling and fatigue experi-
ments. Nisg3Tizg7Hf>g alloy has been studied before and
there are publications which are showing the transforma-
tion temperatures in the literature [14, 18]. However, it has
been already known that the small compositional differ-
ences from batch to batch in shape memory alloys can lead
to changes in the transformation properties. Therefore,
DSC experiments were also conducted before mechanical
experiments in this study. Additionally, the load-biased
heating—cooling experiments were performed to determine
the threshold stress level of the batch used in this study at
which the first irrecoverable strain was observed. There is a
publication which is showing the load-biased heating—
cooling experiments on Nisg3Tiyg7Hf,g HTSMA, there-
fore, the results which were obtained in this study are not
shown. However, it should be known that these experi-
ments were conducted on extruded and aged samples by
increasing the applied load with a magnitude of 100 MPa
and the first irrecoverable strain was observed under
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300 MPa in the extruded sample. Thus, the functional
fatigue experiments were done under 200 MPa by using a
custom-built functional fatigue test setup. Tensile samples
were mounted to the grips which were attached to the
aluminum sigma profile chassis. The dead weights were
hanged to the bottom grip in order to generate constant
stress on the tensile samples. The material was heated with
the electric current passing through the sample, which was
called Joule heating method. Programmable DC power
supply’s negative and positive poles were connected to the
grips. Temperature was measured from the mid-sections of
the gage length of the samples with the Optris CTlaser
LTF-CF1 infrared thermometer. Tensile samples were
coated with high-temperature black paint to set the emis-
sivity value to a constant value. Cooling was performed
using compressed air which was forced to the tensile
sample using an air nozzle. A digital electro-pneumatic
regulator was used to control the amount of air flow. Dis-
placement was measured with a linear potentiometric dis-
placement sensor (LPDS) and actuation strain was
calculated by taking the difference between martensitic and
austenitic strains. Measurement, control, and data acquisi-
tion were performed using the program scripted on
National Instruments LabView Software. National Instru-
ments USB-6003 data logger was utilized as an input
device via taking the data from the sensors and as an output
device to control the proportional valve. The lower cycle
and the upper cycle temperatures and the heating/cooling
rate were entered manually to the program. PI controller
integrated to the program controlled the electrical current
passing through the sample during heating and the amount
of air compressed to the sample surface during cooling in
order to achieve the desired heating/cooling rate. Tem-
perature, displacement, and number of cycle data were
stored to the computer.

Optical Microscope (OM) was utilized to observe the
crack formation and transmission Electron Microscope
(TEM) was used to investigate the twinning formation and
the precipitates in the extruded and aged samples, respec-
tively, to exhibit the sizes of the twins, the precipitates, and
the oxides in the matrix. TEM samples were prepared via
utilizing focused ion beam equipment for thinning the
samples down to 10-20 nm.

Experimental Results

DSC Results

DSC experiments were conducted on extruded and aged
samples for three cycles and the transformation curves are

shown in Fig. 1 for comparison. The transformation tem-
peratures which were drawn from all three cycles are
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presented in Table 1. My temperature decreased from 33 to
27 °C, while A; temperature decreased from 110 to 103 °C
at the end of the 3 stress-free cycles for the extruded
sample. Besides these, My and A temperatures of the
extruded sample exhibited similar decreasing trend with
the cycles.

On the other hand, aged sample showed better cyclic
stability during stress-free transformation temperature
measurements than that of the extruded sample. The
decrease in all transformation temperatures of the aged
sample was between 2 and 3 °C at the end of the three
cycles and this indicates a better cyclic stability in terms of
transformation temperatures, as expected. Likewise,
transformation temperatures were above the threshold
value which is 100 °C for satisfying the condition of being
HTSMA.

Functional Fatigue Experiment Results

Functional fatigue experiments were conducted under
constant stress magnitude of 200 MPa since irrecoverable
strain was first observed under 300 MPa in load-biased
heating—cooling experiment for the extruded sample as
stated in the previous section. Therefore, 200 MPa stress
magnitude was set as the threshold stress level for the high
cycle fatigue tests. It has been already known that UCT
decreases the functional fatigue life of HTSMAs [21].
Karaman and his group showed that actuation strain of the
sample increases with the increase in UCT since there are
some local regions where heating to higher temperatures is
necessary for further transformation of martensite to
austenite [21]. This increase in UCT results full transfor-
mation along the sample where increase in actuation strain
accompanies it. Increase in actuation strain leads more
expansion and contraction of cracks which promotes crack
propagation [21]. Other effect of UCT can be considered as
decreasing the strength of the material with the increase in
temperature, which results early failure. UCT level is
critical for fatigue life determination; however, in this
study, UCTs were set to 130 °C above the A; temperatures
of the extruded and the aged samples which were found
from the DSC experiments. A¢ + 130 °C was chosen as the
UCT temperature for all the cycles since the transformation
temperatures shifted to higher temperatures with the
number of cycles such that the complete transformation
was achieved through all the cycles. Additionally, fatigue
experiments were conducted on extruded and aged samples
for twice to control the repeatability of the experiments and
the fatigue behavior of the alloy.

Strain versus temperature responses from the repeated
fatigue experiments of the extruded and the aged samples
for the selected cycles are presented in Fig. 2a and b and
Fig. 3a and b, respectively. It can be seen from Fig. 2a and
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Fig. 1 Third cycle DSC curves
of the extruded and the aged 0.1 —— Extruded
Ni50_3Ti29_7Hf20 samples for —— Aged
comparison
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Table 1 Transformation temperatures which were calculated from
the DSC curves of the extruded and the aged Nisg 3Tizg ;Hf,o samples

Sample Cycle Transformation temperatures (°C)
M[‘ MS AS Af
Extruded 1 33 80 77 110
2 30 78 70 107
3 27 75 67 104
Aged 1 101 142 138 171
2 100 141 136 169
3 99 140 135 168

b that the extruded sample completely lost the shape
memory behavior after 5000 cycles in both of the experi-
ments and the aged sample failed at 16,534th cycle in the
first and at 20,337th cycle in the second experiment. There
is a difference in the number of cycles between the first and
the second experiment due to the possibility of having
different amount of microcracks before starting the fatigue
experiments. It can be noticed from Figs. 2 and 3 that, the
functional fatigue life of the alloy was increased more than
three times with the aging heat treatment.

Figure 4a and b represents the evolution of the trans-
formation temperatures of the extruded and the aged
samples with the number of cycles, respectively. All the
temperatures were drawn from the strain versus tempera-
ture curves of the first and second fatigue experiments. The
procedure to determine Mg, Mg, A, Af temperatures and the
actuation strain is shown on the 1% cycle curve in Fig. 2a.

It was seen from Fig. 2a and b that the transformation
temperatures of the extruded sample were not possible to
be determined after 1000th cycle since the transformation
curves became very shallow. Figure 4a is drawn to

80 100

120 140 160 180 200 220 240 260 280

Temperature (°C)

compare the transformation temperature evolutions of the
aged and extruded samples for the first 1000 cycles.
Additionally, Table 2 is given to show the transformation
temperatures of the extruded and the aged samples which
were drawn from the Ist and 1000th cycles and the dif-
ferences between them for better comparison. It can be
easily seen that there is a noticeable decrease in the dif-
ferences after aging heat treatment which is showing the
effect of aging on the cyclic stability of the alloy under
stress. On the other hand, all the transformation tempera-
tures of the aged sample and A and My temperatures of the
extruded sample showed a decreasing tendency on the
order of 5 °C for the initial 100 cycles. The shift of the
transformation temperatures of the aged sample up to 1000
cycles is less than that of the extruded sample and this can
be drawn from the differences of the transformation tem-
perature values which were shown in Table 2. Moreover,
all the TTs of the aged sample showed an increasing ten-
dency after 1000 cycles as it can be seen from Fig. 4b.
Figure 5 demonstrates the actuation strain with the number
of cycles of the extruded and the aged samples. The main
observations from Fig. 5 can be summarized as follows:

(1) There is almost no difference in between the
actuation strain values obtained from the first and
second fatigue experiments of the extruded and aged
samples, hence it can be concluded that the cyclic
behavior of both of the samples is repeatable.
Actuation strain values of the extruded sample
started to decrease with a considerable amount from
the beginning till the end of the 3000 cycles and
almost no actuation strain was observed after 5000
cycles such that the experiments were stopped.
Actuation strain values of the aged sample decreased
with the number of cycles from 2.4% down to 1.7%
in both of the experiments.

(@)

3
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Fig. 2 Strain vs. temperature
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(4) The actuation strain values of the aged sample were
lower than that of the extruded sample at the
beginning.

(5) There was a huge decrease in actuation strain values
of the extruded sample, while the aged sample
showed a very small change in actuation strain
especially during the first 1000 cycles.

Microstructural Investigation

Optical Microscopy Results After Functional Fatigue
Experiments

Figure 6 shows the optical microscope images of the
extruded and the aged samples after the first functional
fatigue tests. Microcracks were observed in both of the
samples but the cracks of the extruded sample were smaller
than that of the aged one. It is possible that cracks did not
propagate since the extruded sample lost its shape recovery
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ability and the experiment was stopped. However, the aged
sample was cycled for 16,534 cycles such that the higher
number of cycles led to the propagation of cracks and to the
fracture of the sample. Most of the cracks were initiated
from the side surfaces of the samples.

Transmission Electron Microscope Studies

Transmission Electron Microscopy studies were also con-
ducted to reveal the twin structure in the extruded and the
precipitate formation in the aged samples. A common
internal twin formation was observed and presented in
Fig. 7a and no nano-sized precipitates were detected in the
extruded sample and shown in Fig. 7b.

TiNiHf Oxide and Hf Oxide formations were also
determined in the samples and the oxide particles in the
extruded sample are shown in Fig. 8a and b. These parti-
cles were not equally distributed. They were most probably
formed during solidification of the alloy since oxygen
affinity of especially Hf element is very high such that
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Fig. 3 Strain vs. temperature
curves of fatigue tested aged (a)
Ni50_3Ti29_7Hf20 samples under 5
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there is almost impossible to disallow the formation of the
oxide particles in the matrix of TiNiHf alloys. The Energy-
Dispersive Spectroscopy (EDX) Analysis of the precipi-
tates in Figure 8a and b are given in Table 3a and b,
respectively. It can be drawn from these compositions that
the precipitate in Fig. 8a is a TiNiHf(O) and in Fig. 8b is a
HfO types of precipitates.

Discussion of the Results

Aging Effect on the Stability of the Transformation
Temperatures of Nisg 3Tize 7Hf>9 Alloy
with the Number of Cycles

There is a noticeable decrease in transformation tempera-
tures of the extruded sample and this decrease is higher
than that of the aged sample such that the thermal stability
of the alloy increases with the aging heat treatment. The
decreasing tendency of the transformation temperatures

0 100

L S E e B s L

200 300 400
Temperature (°C)

which was especially observed in the extruded sample with
the number of thermal cycles in the DSC experiment is due
to the introduction of the dislocations during the phase
transformation [23]. Many studies have been conducted
and published on the stability of transformation tempera-
tures (TTs) of Nisg3Tisg7Hf>o using DSC in the literature
and it has been shown that the stability of TTs increases
after aging the alloy at different temperatures for different
time periods due to the formation of nano-sized precipitates
[14, 18]. Additionally, it has been already known that, if
the aging temperature is lower than 450 °C, a decrease in
the transformation temperatures is observed due to the
formation of very small precipitates such that additional
undercooling is necessary. However, if the aging temper-
ature is higher than 500 °C the chemical composition effect
becomes dominant such that the Ni-content in the matrix
decreases and the transformation temperatures increase. All
the DSC results in this study are very well comparable with
the results in the literature.
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Fig. 4 Transformation temperatures which were drawn from the 1st and 2nd fatigue experiments of a extruded and aged Niso3Tie 7Hf2g

samples for the first 1000 cycles and b aged Nisg 3Tiy9 7Hf>o sample

Table 2 The transformation

temperatures of the extruded My M, As Ar
and aged Niso 3Tiz 7Hf29 1st 1000th Ist 1000th 1st 1000th Ist 1000th
samples which were drawn from
the 1st and 1000th cycle strain Temperature (°C)
Vhersgs t?mPeratureS curves of ‘ Extruded 70 58 86 113 103 89 122 151
the first fatigue experiments an
the differences of the Aged 130 122 147 157 152 148 167 166
temperatures Difference (°C) (1¥*-1000th)
Extruded - 12 27 — 14 30
Aged -8 10 —4 -1

The main focus of this study is to investigate the effect
of aging on the high cycle functional fatigue behavior of
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Nisg.3Tize 7Hf,g alloy under constant stress. Therefore, the
attention should be paid to Fig. 4 and Table 2. There is a
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Fig. 6 Optical microscope images showing the crack formation in
a the extruded and b the aged Niso3Tizg;Hf>¢ samples which were
fatigue tested

Fig. 7 TEM images of a the extruded Nisy3Tizg-Hfyo sample
showing internal twins b the aged Nisg3Tiyg7Hf>9 sample with
nano-sized precipitates

decrease in the transformation temperatures of the aged
sample on the order of 5 °C during the first 100 cycles
since 200 MPa stress magnitude might not be enough for
the strengthened sample via aging to induce high internal
stress to form aligned martensite variants. However, it is
obvious that aging has a positive effect on the thermal
stability of the alloy if the first 1000 cycles are considered.
The shift of the transformation temperatures was deter-
mined as the difference of the temperatures between the
1000th and the 1st cycles of the fatigue experiments and

Fig. 8 TEM images of the Niso;Tig ;Hf>( extruded sample showing
a TiNiHf(O), b HfO precipitates

Table 3 Energy-dispersive

. Element Atomic %
spectroscopy analysis of the
precipitates in a Fig. 8a and (a)
b Fig. 8b
(0} 13.42
Ti 38.95
Ni 27.44
Hf 20.18
(b)
(0} 65.97
Ti 0
Ni 0
Hf 34.03

presented in Table 2 as mentioned before. A; and A
temperatures of the aged sample stayed almost constant
during first 1000 cycles and the decrease in the My and the
increase in the My temperatures were found as 8 and 10 °C,
respectively. On the other hand, the differences of the
transformation temperatures between the 1000th cycle and
the 1st cycle of the extruded sample varied approximately
between 12 and 30 °C. The noticeable increase in the Mg
and Ay temperatures of the extruded sample under
200 MPa with the number of cycles can be attributed to the
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increase in dislocation density in the absence of nano-sized
precipitates with the number of cycles. Also, My and Ag
temperatures of the extruded sample decreased 12 to 14 °C
during 1000 cycles which might be again due to the
increased internal stress associated with the increase in the
number of dislocations. Additionally, the transformation
temperatures of the aged sample also increased through the
end of the fatigue experiment because the extensive ther-
mal cycling under stress leads to increase in the internal
stress associated with the formation of oriented martensite
variants [24]. Therefore, it would not be legitimate to think
that the full stability of the transformation temperatures can
be maintained even in the aged condition. In the literature,
the thermo-mechanical cycles which were conducted on
the shape memory alloys were restricted to lower numbers.
It should be noted that only the studies which were con-
ducted by Karaman’s group showed high number of cycles
in fatigue experiments.

Aging Effect on the Actuation Strain Evolution
and the Functional Fatigue Life of Nisy3Tiyo7Hf>q
Alloy

To understand the effect of aging on the actuation strain
values in the functional fatigue experiments, Fig. 5 was
shown to compare the actuation strain evolution of the
extruded and the aged samples with the number of cycles.
Higher actuation strain values were attained from the
extruded sample at the beginning of the fatigue experiment;
however, a sharp decrease in the actuation strain values
was observed since there was no barrier to the dislocation
motion during the cycles. Additionally, the extruded sam-
ple lost all its shape recoverability at the end of the 5000th
cycle. This can be attributed to the effective increase in the
dislocation density of the extruded sample such that the
dislocations lock the martensite-austenite boundary move-
ment which is necessary for phase transformation and
200 MPa stress magnitude is not enough to overcome this
mobility issue. Moreover, it was not possible to determine
the transformation temperatures of the extruded sample
after 1000 cycles since the strain—temperature curves
which were obtained from functional fatigue experiment
became very shallow.

Nano-sized precipitate formation with aging at 550 °C
for 3 h increased the strength of the Nisg 3Tisg 7Hf>o which
led to the decrease in actuation strain values at the begin-
ning but to increase the stability of the actuation strain with
the number of cycles. The difference between the first and
the last values of the actuation strain of the aged sample is
0.7%. Please note that, more than 16,000 cycles were run
on the aged sample. There was almost no change in the
actuation strain value of the aged sample throughout the
first 1000 cycles. Therefore, it was better to compare the
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cyclic stability of the aged sample with the cyclic stability
of the extruded sample considering the initial 1000 cycles.
It is clear that the nano-scale precipitates increased not
only the stability of the transformation temperatures but
also the actuation strain values of Nisq 3Tisg 7Hf 5.

Aging heat treatment also significantly increased the
fatigue life of the Nisg3Ting7Hf,y alloy. Dislocation
accumulation in the aged sample was very much less than
that of the extruded sample especially through the first
1000 cycles due to precipitate formation during the aging
heat treatment. However, dislocation formation cannot be
totally prohibited as the number of cycles increase and
these dislocations led to initiation of the cracks. The crack
density was increased with the initiation and propagation of
the cracks especially at high temperatures such that the
aged sample fractured at the end of 16,534th cycle in the
first and 20,337th cycle in the second experiment.

One another reason to observe fracture can be due to the
fact that HfO and TiNiHfO particle formation can act as the
crack initiation points. These particles which were
observed by TEM studies can cause relatively early failure.
However, oxide particles mostly form during the solidifi-
cation process such that the decrease in fatigue life should
be expected for both the extruded and the aged samples.
Thus, oxide particle formation was not enough to explain
the difference of fatigue life for the extruded and the aged
samples.

Conclusion

It has been already known that the nano-sized precipitate
formation in NiTiHf alloys with the aging heat treatments
increases the matrix strength and the cyclic stability of the
transformation temperatures without applying external
stress. Additionally, the plastic shape change in load-biased
heating—cooling experiments can be decreased with the
formation of these precipitates as mentioned before in the
literature. However, the main objective of this study was to
investigate the aging effect on the functional fatigue
behavior for high number of cycles and the fatigue life of
Nisg 3Tizg 7Hf> alloy. Here are the conclusions that can be
drawn from this study:

(i) The extruded sample lost all its shape memory
behavior after 5000 cycles such that the fatigue
experiment was ceased. On the other hand, aged
sample fractured at 16,534th cycle in the first
experiment and showed 1.7% of actuation strain
even before the fracture.

(i) The fatigue life of Nisg3Tize,Hfyo alloy was
improved with the aging heat treatment at 550 °C
for 3 h for more than 3 times.
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(iii)) The cyclic stability of the alloy in functional
fatigue experiments in terms transformation tem-
peratures and actuation strain was enhanced but
not fully maintained with the aging process.
Therefore, attention should be paid if the alloys
are utilized in the actuator type applications with
the necessity of high number of cycles.

The functional fatigue experiments were con-
ducted twice on the extruded and the aged samples
and it was observed that the shape memory
properties which are the transformation tempera-
tures and the actuation strain values are repeat-
able. Hence, it can be concluded that the fatigue
life of Ni-rich NiTiHf HTSMAs can be enhanced
via aging process.
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