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ABSTRACT

THE DEVELOPMENT OF A FATIGUE TEST MACHINE TO
INVESTIGATE THE FUNCTIONAL FATIGUE LIFE OF HIGH
TEMPERATURE SHAPE MEMORY ALLOYS AND THE
DETERMINATION OF THE FUNCTIONAL FATIGUE LIFE OF
THESE ALLOYS

Hasan Hiiseyin SAYGILI
Master of Sciences, Department of Mechanical Engineering
Supervisor: Assist. Prof. Dr. Benat KOCKAR

June 2018, 72 Pages

Shape memory alloys are special materials which can be utilized as actuators for several
applications. Their high power to weight ratio draws attention to many applications,
especially in aerospace industry. Most of the applications require multiple actuation and
transformation temperatures which are above the 100°C. Thus, stability of shape memory
alloys in terms of actuation strain and transformation temperatures are very important in
order to define the feasibility of using shape memory alloys for industrial applications.
Aging is a one of the methods for Nickel rich NiTi alloys that adjust the transformation
temperatures and enhance the cyclic stability of the shape memory alloys. In this study,
Niso.3Tize.7Hf20 high temperature shape memory alloy was used since it is one of the most
promising high temperature shape memory alloy in terms of high transformation

temperatures as well as high strength.

The functional fatigue properties of the extruded and aged Niso 3Ti2g7Hf20 high temperature
shape memory alloy were investigated in order to reveal the effect of aging on functional

fatigue behavior. Material was produced using high purity Ni, Ti and Hf elements via



vacuum induction melting under high purity argon atmosphere, then placed in a mild steel
can for hot extrusion at 900°C with an area reduction of 4:1. One batch of the material was
aged at 550°C for 3 hours and one batch of material was used in the experiments in the
extruded condition. Same experiments were conducted on both of the materials for
comparison. Stress-free transformation temperatures were measured using Perkin Elmer
Differential Scanning Calorimetry (DSC) 800. Load-biased heating and cooling
experiments were conducted by UTEST 50 kN servo-mechanical test machine with
embedded heating and cooling systems. These experiments were done to determine the
stress magnitude under which the samples showed the first irrecoverable strain. Functional
fatigue experiments were performed on custom-built functional fatigue test setup. Post-
mortem optical microscope investigations after functional fatigue tests were performed to
investigate the crack propagation during the fatigue experiments. Transmission electron
microscopy was also conducted before functional fatigue tests to determine the twin and
precipitate structures and the oxide particles in the matrix.

Stress-free transformation temperatures were increased above 100°C after aging heat
treatment at 550°C for 3 hours, as expected. It was also found that aging at 550°C for 3
hours led to an increase in critical stress for slip such that the first irrecoverable strain was
determined under 600 MPa stress level while extruded sample showed irrecoverable strain
under 300 MPa in load-biased heating-cooling experiments. Therefore, 200 MPa stress
magnitude was chosen as the threshold stress level since no irrecoverable strain was
detected for extruded and aged samples and the functional fatigue experiments were
conducted under 200 MPa constant stress level. The sample aged at 550°C for 3 hours
exhibited considerably better stability during functional fatigue experiments with respect to
the extruded one. The decrease in actuation strain values of the aged sample through
16534" cycles was smaller than that of the extruded sample. The test was stopped at this
point because fracture was experienced. On the other hand, extruded sample lost its
actuation strain before 5000™" cycle and therefore, test was ceased. Transmission electron
microscopy investigations revealed that oxide particles are in the matrix, thus these oxide
particles might be one the reasons of fracture since they may act as the crack initiation

points at the beginning of the functional fatigue experiments.



Keywords: High Temperature Shape Memory Alloys, Functional Fatigue, Aging,
Transformation Temperatures, Actuation Strain



OZET

YUKSEK SICAKLIK SEKIL HAFIZALI ALASIMLARIN
FONKSIYONEL YORULMA OMURLERINI INCELEMEK UZERE
FONKSIYONEL YORULMA TEST CIHAZI GELISTIiRILMESI VE
BU ALASIMLARIN FONKSiYONEL YORULMA OMURLERININ

TAYINi

Hasan Hiiseyin SAYGILI
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Damismani: Do¢. Dr. Benat KOCKAR

Haziran 2018, 72 Sayfa

Sekil hafizali alasimlar c¢esitli uygulamalarda eyleyici olarak kullanilabilen 6zel
materyellerdir. Sahip olduklar yiiksek gii¢/agirlik orami 6zellikle havacilik alani olmak
tizere bir¢ok alanda dikkat cekmektedir. Uygulamalarin birgogu ¢oklu tahrik ve 100°C’nin
tizerinde yiliksek donilisiim sicaklikalarinin olmasini gerektirmektedir. Bu nedenle, sekil
hafizali alagimlarin endiistriyel uygulamarinin uygunlugunun tanimlanmasinda, eyleyici
gerinimi ve doniisiim sicakliklart acisindan kararlilik ¢ok onemlidir. Yaslandirma islemi
Nikelce zengin NiTi alasimlarinda dontisiim sicakliklarini ayarlamak ve g¢evrimsel
kararliligr arttirmak i¢in kullanilan ydntemlerden biridir. Bu ¢aligmada, sahip oldugu
yiiksek doniisiim sicakliginin yani sira yiliksek dayanimi agisindan en umut verici yiiksek
sicaklik sekil hafizali alasimlarindan biri olan Niso3Tizg7Hf20 yliksek sicaklik sekil hafizali

alagimi kullanilmistir.

Ekstriide halde ve yaslandirilmig Niso3Tize7Hf20 yiiksek sicaklik sekil hafizali alagiminin

fonksiyonel yorulma 6zellikleri, yaslandirma isleminin fonksiyonel yorulma davranigina
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etkisini ortaya koymak {izere incelenmistir. Malzeme yiiksek safliktaki Ni, Ti ve Hf
elemenleri kullanilarak vakum indiiksiyonla eritme yoluyla yiiksek safliktaki argon
atmosferi altinda tiretilmistir. Sonrasinda yumusak celik ile kaplanarak 4:1 oraninda alan
indirgemesi olacak sekilde 900°C’de sicak ekstriizyona tabi tutulmustur. Bir grup
malzemenin 550°C’de yaslandirma islemi yapilirken ve bir grup malzeme deneylerde
ekstrude halde kullanilmistir. Karsilagtirma yapilabilmesi i¢in yaslandirilmis ve ekstriide
haldeki malzemelere ayni deneyler uygulanmistir. Yiiksiiz doniigiim sicakliklar1 Perkin
Elmer Differential Scanning Calorimetry (DSC) 800 kullanilarak olgiilmiistiir. Sabit yiik
altinda 1sitma ve sogutma deneyleri 1sitma ve sogutma sistemleri yerlestirilmis UTEST 50
KN servo-mekanik test makinasinda gerceklestirilmistir. Bu testler malzemelerin ilk hangi
gerilim degeri altinda geri kazamilamayan gerinim gosterdiklerini saptamak icin
gerceklestirilmistir. Fonksiyonel yorulma deneyleri 6zel iiretim fonksiyonel yorulma test
cihazinda yapilmigtir. Fonksiyonel yorulma deneyi sonrasi optik mikroskop incelemesi
yorulma deneyleri sirasindaki catlak ilerlemesini incelemek lizere gergeklestirilmistir. Ayni
zamanda gegirmeli elektron mikroskobu incelemesi de fonksiyonel yorulma testleri
Oncesinde matristeki ikizlenme ve ¢okelti yapilari ile oksit pargaciklarini belirlemek icin

yapilmustir.

Yiiksiiz doniigiim sicakliklart 550°C’de 3 saat yaslandirmanin ardindan beklenildigi gibi
100°C’nin tizerine ¢ikmistir. Ayn1 zamanda 550°C’de 3 saat yaslandirma ile kayma igin
kritik gerilim degeri artmustir. Oyle ki yiik altinda 1s1tma — sogutma deneylerinde ekstiiriide
ornekte ilk geri kazanilamayan gerinim 300 MPa yiik altinda goriiliirken yaslandirilmis
ornekte 600 MPa yiik altinda goriilmiistiir. Bu nedenle 200 MPa gerilim degeri, ekstriide
ve yaslandirilmis 6rneklerde geri kazanilamayan gerinim gostermediginden smir degeri
olarak belirlenmis ve fonksiyonel yorulma deneyleri 200 MPa yiik altinda
gerceklestirilmistir.  550°C’de 3 saat yaslandirilmis Ornek ekstiiride Ornege gore
fonksiyonel yorulma testlerinde kayda deger seviyede daha iyi cevrimsel kararlilik
gostermistir. Yaslandirilmis 6rnekte 16534 cevrim boyunca eyleyici gerinimindeki azalma
ekstriide ornekten daha azdir. Test bu noktada kopma gerceklestigi icin durdurulmustur.
Diger taraftan ekstiirde 6rnek 5000 ¢evrimden once eyleyici gerinimini kaybetmistir ve bu
nedenle test durdurulmustur. Gegirmeli elektron mikroskobu incelemesi sonucunda
matriste oksit parcaciklar1 bulunmustur. Bu parcaciklar catlak baslangic noktasi olarak

davranabildikleri i¢in fonksiyonel yorulma testlerindeki kopmanin nedeni olabilirler.



Anahtar kelimeler: Yiiksek Sicaklik Sekil Hafizali Alagimlari, Fonksiyonel Yorulma,

Yaslandirma, Doniisiim Sicakliklari, Eyleyici Gerinimi
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1 INTRODUCTION

Shape memory alloys (SMA) are very unique and special materials with the ability of
remembering their original shape after they have been deformed. When SMA is deformed
in martensite phase, twinned martensitic structure transforms to detwinned structure. If
SMA is heated to high temperature (austenite) phase, it recovers this shape change. This
recovery can take place under high stress levels with noticeable strain magnitudes, which
provides high power to weight ratio. These unique properties of SMAs lead to use them as

actuators in many fields, especially in aerospace applications.

Most applications of SMAs require multiple actuation cycles. Therefore, it is necessary to
maintain the actuation stability. This stability can be explained as no or very small changes
in transformation temperatures and actuation strain values. The term of functional fatigue
refers to the investigation of the change in these properties of SMAs with the number of

cycles.

Many studies have been conducted on binary Ni-Ti SMAs, since they have good cyclic
stability, high actuation strain and good mechanical properties [1-3] . However, their
martensitic transformation temperatures are lower than 100°C such that the usage of these
materials are limited for most the applications in aerospace industry. Controlling the
actuation behavior of SMAs at high temperatures which requires higher transformation
temperatures has attracted a great attention recently. The SMAs which are utilized for high
temperature applications are categorized as “High Temperature Shape Memory Alloys”

(HTSMAG) if their transformation temperatures are above 100°C.

Adding a ternary alloying element to Ni-Ti based SMASs is one of the methods for the
development of HTSMAs. Au, Pt, Pd, Zr and Hf are used to produce HTSMAS as
additional alloying elements in NiTi binary systems [4—7]. However, Au, Pt and Pd are not
suitable for commercial applications since their costs are relatively high than that of the
others. Thus, studies are focused on Zr and Hf addition in last decades. High oxygen
affinity and brittleness of Zr makes Hf the most promising additional alloying element in
Ni-Ti systems [6-11].

In Ni-rich NiTiHf HTSMAs, nano-scale precipitates can be formed via aging. These nano-
scale precipitates strengthen the matrix via inhibiting the dislocation motion, so critical

stress for slip increases. This increase leads to the formation of less plastic deformation

15



even huge stress levels are applied [10]. Nano-scale precipitates have two distinct effects
on transformation 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 precipitate size and amount are very important parameters for tailoring the
transformation temperatures. If precipitate size is large and volume fraction is relatively
higher, first effect is dominant. If precipitate size is small and volume fraction of
precipitates is low, second effect becomes dominant and transformation temperatures
decreases [9, 12, 13].

Niso.3Tize7Hf20 HTSMA is one of the most widely studied HTSMAS, since the
transformation temperatures can be adjusted precisely via precipitation hardening [5, 14,
15]. In addition to that, high critical stress for slip magnitude via aging makes
Niso.3Tize.7Hf20 the most promising HTSMA [16]. Previous studies have shown that aging 3
hours below 500°C leads to a decrease in transformation temperatures. However, aging 3
hours above 500°C increases the transformation temperatures. Aging Niso.3Tizg7Hf20 alloy
at 550°C for 3 hours gives optimum results in the literature if the magnitude of the

transformation temperatures and cyclic stability behaviors are considered [13].

There are lots of studies on Niso3Tizg7Hf20 HTSMAS such as load biased heating and
cooling tests, stress free transformation behavior and microstructural investigations [17].
However, the effect of aging on functional fatigue properties of Niso.3Ti2g.7Hf20 HTSMAS
has not been demonstrated yet. First and only study on fatigue behavior of Niso3Tizg7Hf20
HTSMA is conducted and published by Karakoc and his group [18]. However, the main
focus in that study was to show the effect of upper cycle temperature (UTC) on functional

fatigue response of Niso3Tize.7Hf20 aged sample at 550°C for 3 hours.

On the other hand, this study is about showing the effect of aging Niso.3Ti2g.7Hf20 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 importance with being
the first study which reveals the enhancement of functional fatigue properties via aging for
Niso.3Ti297Hf20 HTSMA. The functional fatigue tests were performed both on the extruded
and the aged Niso3Ti2g.7Hf20 samples. From this point, extruded sample of Niso.3Ti2g.7Hf20
16



HTSMA will be referred as “extruded” while the Niso3Tize7Hf20 sample which was
exposed to aging at 550°C for 3 hours after extrusion will be referred as “aged” throughout
the text.

The functional fatigue investigations of shape memory alloys require cycles at the order of
thousands. Cycle time is very important, since investigation of functional fatigue behavior
of alloys may take years which is not practical if cycle time is long. Therefore, there is a
necessity to reach high heating and cooling rates during functional fatigue test. In
accordance with this purpose, a custom-built functional fatigue test setup was developed in

order to investigate the functional fatigue life and cyclic stability of HTSMAs.
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2 THEORY

SMAs are the alloys that showing thermoelastic martensitic transformations. They are
named as SMAs, since they have an ability of remembering their original shape after they
have been deformed. This remembering their shape takes place if they are heated up to
certain temperature point. They have a great attraction since they have high power density,
damping ratio, strength and fatigue behavior. Especially their high power density provides

using these alloys as an actuator [1].

Austenite and martensite phases of SMA have single type crystal structure, however
martensite phase can have two types of configurations, which are twinned martensite and
detwinned martensite. If no load is applied to the SMA during martensitic transformations,
twinned martensite structure takes place. If there are external loads, detwinned martensitic
structure takes place. Fraction of detwinned martensitic structure increases with the
increase of applied load. It should be noted that, there is no significant shape change occurs
while twinned martensitic structure takes place, while macroscopic shape chance occurs

during detwinned martensitic transformations [19].

Parent Phase Martensite
(a)
7
(c)
/
B
A

Figure 2-1: Schematic illustration of austenite, twinned martensite (c) and detwinned
martensite stuctures (b) [1]

There are two unique properties of SMAs which are named as shape memory effect and
superelasticity. If SMA is below the Mt temperature and it is deformed, it can recover this
deformation if it is heated above the As temperature. This phenomenon explains the shape
memory effect. If SMA is above the Astemperature and deformed with the external load, it
returns to the original shape after the load is removed [20]. It should be noted that, this
deformation is not only elastic deformation and can results high strain values.
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To use SMASs as actuators, some parameters are important to determine feasibility of usage
SMAs as an actuator; such as transformation temperatures, hysteresis, actuation
(transformation) strain, irrecoverable strain. Figure 2.1-2 represents the typical shape

memory strain-temperature response of SMAs under constant load.
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Figure 2.1-2: Stress strain curve of SMA [1]

When the material is at austenite phase and constant load is applied, the austenitic structure
is elastically deformed. It should be noted that Figure 2.1-2 does not present the loading
path. Figure 2.1-2 starts after loading. When the material is started to be cooled down in
the presence of load, the material starts to transform to martensitic structure after critical
temperature point, which is called martensite start temperature (Ms). The material
continues to transform to the martensitic structure, which is accompanied by the
deformation. This transformation continues until critical temperature point, where all
austenitic structures transforms to martensitic structures, which is called martensite finish
temperature (Mf). There is no macroscopic shape change after that point (if thermal
expansion is neglected). When the material starts to heat, it begins to transform austenitic
structure after critical temperature, which is called austenite start (As) temperature and
continues to transform until it reaches to austenite finish (As) temperature. After that point,
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all structure is austenite. The shape recovery, which provides SMAs use as an actuator
occurs during this austenitic transformation. This shape recovery strain of SMA called
actuation strain or transformation strain. Actuation strain is not equal to deformation strain
always. If plastic deformation occurs during deformation process, SMA is not able to
recover the plastic deformation. In this case, SMA recovers only recoverable deformation.
However, the plastic strain which is called irrecoverable strain is retain in the material.
Also, it should be noted that heating and cooling paths are not same, since dissipation of
the elastic stored energy and friction during austenite to martensite and martensite to
austenite transformations. The hysteresis defines the difference between the heating and

cooling curves.

Defining exact point of transformation temperature is not possible. Thus, the tangent line
method is used to define the transformation temperatures. The intersection points on the
lines give corresponding transformation temperatures. The hysteresis on the other hand, is
calculated based on the temperature difference at the middle point of actuation strain for

heating and cooling curves.

These parameters of SMASs are very important, if SMAs are desired to be used as actuators.
More actuation strain and higher loads generally desired in order to get high work output /
volume (or mass) ratio. Beside this, transformation temperatures are also very important
considering the working area of the SMAs. Most engineering applications require the
working temperatures as room temperature or slightly above. Considering the temperature
change of environment, transformation temperatures of SMA which is close to the room
temperature is not preferred. This is because, change in working environment temperatures
can cause unintended actuation of SMAs. For most applications, it is desired to have

transformation temperatures above 100°C.

2.1  Conventional Shape Memory Alloys:

2.1.1  Cu-based Shape Memory Alloys:

Most and well-known Cu-based SMAs are Cu-Zn and Cu-Al. Transformation temperatures
of Cu-Zn SMA are below -50°C where transformation temperatures of Cu-Al SMA are
above 100°C. However, wide range of transformation temperatures can be achieved via
adding ternary alloying element to these alloys. Cu-Zn-Al, Cu-Al-Ni and Cu-Al-Mn are
most studied Cu-based ternary SMA system. Their shape memory effect and
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superelasticity properties are better than NiTi-based SMAs. However, their low cyclic
stability limits the use of these alloys.

Resistance to grain boundary fracture is very important for Cu-based SMAs mechanical
properties. Cu-Zn SMAs are very ductile materials and their resistance to grain boundary
fracture are relatively higher than the other Cu-based SMAs. However, their
transformation temperatures are very low. Adding aluminum (Al) can increase the
transformation temperatures up to 100°C. However, Cu-Zn-Al SMAs are unstable above

130°C and this behavior limits their usage on industrial applications [19, 21].

2.1.2  Fe-based Shape Memory Alloys:

Fe-based SMAs have advantage of being cheaper, comparing to the NiTi-based SMAs.
However, their shape memory properties are lower than Cu-based and NiTi-based SMAs.

Also, their high hysteresis value limits their application area.

Fe-based SMAs can be categorized in two groups: First group consists of Fe-Pt, Fe-Pd and
Fe-Ni-Co-Ti SMAs. Their hysteresis values are below 10°C. Fe-Ni-C and Fe-Mn-Si
constitute of second group of Fe-based SMAs. They have large hysteresis around 150°C.
Fe-Mn-Si has mechanical properties of similar to stainless steel. Thus, it has commercial
application area [22].

Fe-Mn-Si SMAs are the most promising Fe-based SMA systems that adopted to the the
industry. Adding Cr, Ni or Co as ternary alloying elements to Fe-Mn-Si SMA system has
been studied to enhance the mechanical properties. Fe-Mn-Si SMAs can show one-way
shape memory effect. However, they do not show two-way shape memory effect and

superelasticity because of the high thermal hysteresis.

2.1.3  NiTi-based Shape Memory Alloys:

NiTi- based SMAs are most known and studied SMAs since they have superior shape
memory characteristics. They owe their popularity to their high ductility and corrosion
resistance. Also, their recovery ability makes them very attractive among conventional

shape memory alloys [23].

Transformation temperatures of NiTi-based SMAs are below the 100°C. Their

transformation temperatures are highly dependent on Ni content on the matrix and
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thermomechanical treatments. It is known that decrease in Ni content results increase in
transformation temperatures for Ni-rich SMAs. Thus, aging heat treatment is one of the

method that increase the transformation temperatures of NiTi-based SMAs.

Besides other precipitates, TisNis precipitates are very important to tailor the shape
memory characteristic of NiTi-based SMAs. TisNis precipitates which are formatted
during aging process cause depletion of Ni content on matrix and result increase in
transformation temperatures. Also, these precipitates limit the martensite-austenite
transformation, which results less dislocation formation and stabilize the transformation
[24-26].

2.2 High Temperature Shape Memory Alloys (HTSMAS):

Thermomechanical treatments on NiTi binary SMAs have limited effects on
transformation temperatures. Their transformation temperatures can be increased, but

transformation temperatures which are above the 100°C cannot be achieved.

Ternary alloying element addition to NiTi-based SMASs is most promising way to increase
the transformation temperatures. Effect of Au, Pt, Pd, Zr and Hf addition to NiTi-based
shape memory alloys were widely studied in literature [4, 5, 9, 27, 28]. Since Au, Pt and
Pd are relatively expensive materials, their use in commercial applications are limited.
Thus, most studies are focused on addition of Zr and Hf to NiTi-based SMAs. However,
high oxygen affinity of Zr results brittleness in HTSMAs and limits the usage of this
material. Also, work output value of NiTiHf are higher than NiTiPd and NiTiPt HTSMAs
(Figure 2.2-1). Due to these reasons, NiTiHf ternary alloys are widely studied as most
promising HTSMAs [7, 9, 32, 10, 12, 13, 16, 18, 29-31].
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Figure 2.2-1: Work output of SMAs [13]

2.3 NiTiHf HTSMAs:

Effect of Hf content in NiTiHf HTSMAs was first investigated by Potapov et al [33]. The
study where Ni lean HTSMASs were used investigate the effect of Hf content. It revelas that
increase in Hf content results increase in transformation temperatures. For example, Mf-Af
transformation range which was 50°C-142°C for 8% Hf content increased to 127°C-276°C
with 20% Hf content. Bessghini et al addresses the effect of Ti+Hf content on material
properties. It is reported that increase in Ti+Hf content makes the material more brittle.
This study also shows that Ti+Hf content does not affect the transformation temperatures
much [34].

Further studies focused on Ni-rich NiTiHf HTMAs. It was demonstrated that formation of
precipitates increases the transformation temperatures and transformation temperature
stability on Ni-rich NiTiHf HTMAs [35]. Effect of precipitation was investigated in detail
by Karaca et al. Niso3Ti2g7Hf20 HTSMA material was aged with different temperatures at
the range of 300°C-900°C [13]. The stress-free transformation curves of aged materials can

be seen in Figure 2.3-1.
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Figure 2.3-1: Stress free transformation curves of Nisg3Tize7Hf20 HTSMA for different

aging temperatures [13]

It can be concluded that aging temperatures below 500°C results in a decrease in
transformation temperatures. On the other hand, aging temperatures 500°C and above
increases the transformation temperatures. It can be explained with the two effect of
precipitation on tailoring the transformation temperatures. First effect bases on the stress
fields around the precipitates. This stress fields repress the martensitic transformation,
therefore overcooling become necessary for martensitic transformation. This situation
results decrease in transformation temperatures. On the other hand, depletion of Ni from
matrix results increase in transformation temperatures, which can be explained with the
effect of Ni content on matrix. Since the decrease in Ni content on matrix results increase
in transformation temperatures, depletion of Ni from matrix via aging causes increase in
transformation temperatures. For the aging below 500°C, first effect become dominant

because the precipitation volume fractions are small. Increase in aging temperatures results

24



increase in volume fraction of precipitates. Therefore, second effect become dominant and

increase in transformation temperatures is observed [36].

2.4 Functional Fatigue of SMAs

There are limited studies on functional fatigue studies for SMAs. Early studies were
conducted on NiTi binary SMAs. Effect of rolling direction was studied on Ni-rich NiTi
SMA:s. It was found that actuation strain and fatigue life of the SMA are highly dependent
on rolling direction. Maximum fatigue life was observed with 0.9% actuation strain and

approximately 40000 cycles under 200 MPa functional fatigue tests [37].

Agboola et al. investigated the functional fatigue life of Ni-rich NigoTiso SMA under
different constant stress levels. It was found that maximum fatigue life was observed under
100 MPa stress level and 0.6% actuation strain up to 68987 cycles. On the other hand,
minimum fatigue life was observed under 250 MPa stress level with 2.23% actuation strain
up to 1500 cycles [38].

However, there is only one study about functional fatigue life of HTMAs. This study
focuses on the effect of upper cycle temperature (UCT) on functional fatigue life of
Niso,3Tiz2e7Hf20 HTSMA which was aged at 550°C for 3 hours. The tests which were
conducted on different stress levels and with different UCTs shows that UCT has a
negative effect on fatigue life of HTSMAs. The increase in UCT is accompanied with an
increase in actuation strain leads more expansion and contraction of cracks which promotes
crack propagation. Other effect of UCT can be considered as decreasing the strength of the
material at relatively higher temperatures, which results early failure. Maximum life was
achieved under 300 MPa stress level with 250°C UCT. However, a significant amount of

loss is observed in actuation strain [18].
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Figure 2.4-1: Actuation strain of HTSMA with respect to number of cycles for different
UCTs [18]

It was also conducted that accumulation of irrecoverable strain values increased with the
stress level and UCT. The highest irrecoverable strain observed for 400 MPa stress level
with 350°C UCT and sample fractured before 2000 cycle. On the other hand, 300 MPa
stress level with 300°C UCT showed the least irrecoverable strain. The sample cycled more
than 10000 cycles before fracture.
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Figure 2.4-2: Irrecoverable strain with respect to number of cycles for diffent stress levels
and UCTs [18]
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3 EXPERIMENTAL PROCEDURES

3.1 As-received Material

High purity elemental materials of Ni, Ti and Hf were used to produce Nisg3Tizg7Hf20
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 to decrease the friction between the extrusion die and the material and to prevent
the oxidation during hot extrusion process. Mild steel can was removed via turning process

after hot extrusion. The picture of hot extruded material can be seen Figure 3.1-1.

Figure 3.1-1. Niso.3Ti2e.7Hf20 alloy after hot extrusion.

3.2 Aging Heat Treatment

Extruded samples were aged under high purity argon atmosphere at different aging

temperatures, which were 450°C, 500°C and 550°C for 3 hours in order to reveal the effect
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of aging temperature on transformation temperatures. Materials were wrapped in tantalum
foil, which was 25.4 um in thickness to diminish oxidation during aging heat treatments.
The samples were aged in a vertical cylindrical furnace and then the samples were water

quenched.

The precipitates which were formed during aging process have a major effect on
transformation temperatures. The precipitation size, precipitation shape and distance
between the precipitates influence the transformation behavior on matrix, which leads to
change in transformation temperatures and cyclic stability [13]. The effect of aging
parameters, and the precipitate properties have already known and summarized in Theory
section. However, it was investigated one more time, since material properties may change

from one batch to another.

3.3 Sample Preparation

Tensile specimens in flat dog bone shape with a gage length of 16.6 mm, a width of 2.25
mm and thickness of 1 mm were cut using wire electrical discharge machining (Figure 3.6-
2), for both load-biased heating-cooling and functional fatigue experiments from hot
extruded bulk material. Differential scanning calorimetry (DSC) and optical microscope
specimens were cut via diamond saw precision cutter without applying load and at a very

low speed to prevent inducing stress.

Samples for optical investigations were mechanically ground with increasing the grid size
starting from 120 papers and were polished with the paper having grit size 2000. Samples
were etched utilizing the solution 10% HF, 60% HNO3 and %30 CH3COOH (at vol.), after
they were further polished with 6 um and 1 pm alumina polishing slurries, respectively.
TEM samples were prepared via utilizing focused ion beam equipment for thinning the

samples down to 10-20 nm.

3.4 Differential Scanning Calorimetry

Stress-free  transformation temperatures of extruded NisosTiz7Hf20 and aged
Niso3Tizg7Hf20 samples at different temperatures were measured using Perkin Elmer
Differential Scanning Calorimetry (DSC) 800 before load-biased heating-cooling and
fatigue experiments. Niso3Ti2g7Hf20 extruded and aged samples were cycled in the range of
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-50°C and 350°C in order to ensure complete martensitic transformations. The heating and
cooling rates during DSC experiments were kept constant at 10°C/min for all samples.
Niso.3Tize.7Hf20 alloy has been studied before and there are publications which are showing
the transformation temperatures in the literature [9, 13]. However, it has been already
known that the small compositional differences from batch to batch can lead to small
changes in the transformation properties of the shape memory alloys. Therefore, DSC

experiments were also conducted before fatigue experiments in this study.

35 Load-biased Heating and Cooling Tests

Load biased heating-cooling experiments were first performed using UTEST 50 kN servo-
mechanical test machine. Tensile specimens were mounted to the grips and then heated
above Ar temperature via conduction through the grips by resistive heaters. The tensile
specimens were loaded to constant stress level, then cooled below to Mr temperature using
water flowing through the copper tubing wrapped around the grips. Sample were heated
and cooled under constant stress levels. After each heating-cooling cycle the stress level
was increased with a magnitude 100 MPa, starting with 100 MPa stress level up to 600
MPa stress level. The sample temperatures were measured using a J type thermocouple
which was attached to the gage section of the samples. The heating and cooling rates
during the load-biased experiments were kept constant at 10°C/min and controlled via
Autonics TM4 controller. The feedback temperature was measured via the J type
thermocouples attached to the grips. The axial strain was measured with an Epsilon high
temperature extensometer having ceramic extension rods attached directly to the gage of
the samples. The image of test setup was presented in Figure 3.5-1. The load-biased
heating-cooling experiments were conducted before fatigue experiments to determine the
threshold stress level at which the first irrecoverable strain was observed. The strain-
temperature curves obtained from load-biased experiments and the actuation, irrecoverable
strain magnitudes together with the transformation temperatures gathered from each cycles
were presented schematically at Figure 2.1-2. Load-biased heating and cooling tests
performed only on extruded samples and aged samples at 550°C for 3 hours, since it had
better cyclic stability and transformation temperature ranges comparing to other aging

temperatures.
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Figure 3.5-1. Load Biased Heating Cooling Test Setup

3.6 Functional Fatigue Test Machine Development

Custom-build functional fatigue test machine was developed in order to investigate the
functional fatigue behavior of high temperature shape memory alloys. Cyclic heating and
cooling were performed with the application of the constant load to the samples. The load
was applied via dead weights which were hanged at the bottom of the sample. Since the
number of cycles was on the order of thousands, the Joule heating method was utilized in
order to reach high heating rates. Also, cooling was performed via forced air convection
method to obtain high cooling rates. During the cycles, temperature, displacement and
number of cycle data were collected.

Functional fatigue test machine consists of the following components:

- Aluminum sigma profile

- Direct Current (DC) power supply

- Fatigue test sample

- Sample holder heads (top and bottom)

- Linear Potentiometric Displacement Sensor (LPDS)
- Infrared pyrometer

- Air regulator
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- Airnozzles

- Weights

- Data acquisition device
- Computer

- Software

Schematic drawing of the functional fatigue test setup is shown in Figure 3.6-1 and the

necessary information about the aforementioned components of the setup are given below
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Programmable
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]
<
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{} Constant load "\ Air nozzle
Data logger

Figure 3.6-1 The Schematic Drawing of Functional Fatigue Test Setup.

3.6.1  Aluminum sigma profile:

Aluminum sigma profiles with the dimension of 45 mm x 45 mm was used to build up the
structure of the test machine These sigma profiles are widely used due to their ease of
construction ability with the groove structure. Additionally, sigma profiles were used in

order to assemble the sensors and nozzles.

3.6.2  DC Power Supply:

Electrical current which was used in order to heat the samples (Joule heating method) was
supplied by the programmable DC power supply. The amount of current or voltage can be
adjusted in order to achieve desired heating rate. Also, current can be cut off to get higher

cooling rate during cooling process.
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The power supply is Keysight N5742A with the maximum voltage of 8 V and maximum
current of 90 A. Device is working with 240 V AC current and can be connected to
computer via GPIB, LAN and USB. DC output was preferred in order to eliminate the

unknown effect of AC heating.

3.6.3  Fatigue Test Sample

Fatigue samples with the dog bone shape were used to investigate the functional fatigue
behavior of NiTiHf samples. The samples have 16.6 mm gage length, 2.25 mm width and

1 mm thickness. Detailed drawing of test sample was illustrated at Figure 3.6-2.

Zmm

. AJMIM

Figure 3.6-2 The Functional Fatigue Test Sample Schematic

3.6.4 Grips

There are two grips at which the test samples were attached. The edges of the test sample
were cut with a certain radius and the grips were designed to hold the samples from these
edges (Figure 3.6-2) such that the maximum stress values were transferred to the gage
length of the sample. Top grip held the sample and attached it to aluminum sigma profile
while bottom grip allowed to hang the constant loads. Also, negative and positive poles of
DC power supply were attached to the top and bottom grips, thus electrical current was

flown trough the samples. Hot work tool steels were used to produce the top grip and
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bottom grip which were necessary for higher strength and stiffness at high working

temperatures. Technical drawings of the grips are shown in (Figure 3.6-3)
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Figure 3.6-3 Technical Drawings of the Top and Bottom Grips.
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3.6.5 Linear Potentiometric Displacement Sensor (LPDS)

Linear potentiometric displacement sensors (LPDSs) are the sensors that are utilized for
measuring the displacement. Sensor gives output according applied voltage in the manner
that the output and displacement are linearly dependent. For example; if the supply voltage
is 10 V, sensor gives 10 V at maximum displacement, 0 V at O displacement and 5 V at the
half of the its stroke. UTGM-060 (Novotechnik TR-010) LPDS was used in order to
measure the displacement of the test sample during functional fatigue tests. Sensor has a
stroke of 10 mm and +0.002 sensivity. It has a spring coupled device, thus it returns to the

0 position when it is released.

3.6.6  Infrared Pyrometer

Infrared pyrometers are the temperature sensors which provide contact-free temperature
measurements. They measure the thermal radiation of the object and transform it to a
temperature value. Since the heating and cooling rates are high during the functional
fatigue tests, it is not feasible to measure the temperature with the methods which require
contact with the test sample, such as thermocouples since the response of the thermocouple

types of contact sensors is very slow with these heating-cooling rates.

Optris CTlaser LTF-CF1 infrared thermometer was used with the 1.4 mm focus length at
70 mm distance in the functional fatigue test setup, considering the test samples width. It
has a temperature measurement range of -50°C to +975°C and its own logger, which is
supported with 24 VDC. The thermal radiation which comes from the test sample is
detected by the infrared pyrometer and translated to a temperature value at the logger, then
corresponding voltage value is sent to the NI data logger card at the range of 0 V-10 V.

Thermal emissivity of the test sample is an important parameter, since temperature value is
translated at the logger according to thermal emissivity. However, thermal emissivity value
of NiTiHf shape memory alloy is not known. Thus, test samples surface was painted with
the high temperature black paint and emissivity value was set to 0.95 which was the
emissivity value of the black paint. Since the paint layer on the test sample was very thin, it
was assumed that temperatures of the test sample and the paint were almost equal. Hereby,

the temperature of the samples was measured.
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3.6.7  Air Regulator:

In order to control the cooling rate of the sample during functional fatigue tests, A digital
electro-pneumatic regulator was integrated to functional fatigue test setup. CKD EVD-
1000 series digital electro-pneumatic regulator was used. The power voltage of digital
electro-pneumatic regulator is 24 V and it has the ability to control the air pressures up to 9
bar. Control signal was between 0 V-10 V, which was supplied by the data acquisition

device.

3.6.8  Air Nozzles

Since the fatigue test samples were long and thin, air nozzles which could spray the air
with a thin flow pattern were utilized in order to use the air efficiently. It has air injection
section with 40 mm long, which is sufficient for cooling the samples gage length, also the
grip section which is closer to the samples. Two air nozzles with the 45° angle with the test

sample surface and 90° to each other were assembled to the fatigue test setup.

3.6.9  Weights

Dead weights were used in order to generate constant stress levels, which were hanged to
the bottom grip. 2.5 kg, 5 kg, 10 kg and 20 kg plates were used. The weight of dead
weights of bottom grip, weight platform and connection equipment were measured. The
necessary weight was calculated in order to generate the target stress level. The necessary
weight was hanged in the manner that the total of weights and dead weights was equal to

the target weight.

3.6.10 Data Acquisition Device

National Instruments USB-6003 Multifunction input and output device was used as a data
acquisition device. It has 8 analog inputs, 13 digital input/output and 2 analog output
channels. Sensor outputs were measured via analog input channels while the air regulator
was controlled via analog output channel. Wiring with the sensors and regulator was
performed with its own screw terminals. It has 0 V-10 V range for both analog input and
output. Also, it has USB port for the connection to the computer.

3.6.11 Computer

The data were collected and stored by the data acquisition device via program scripted on

software program by computer.
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3.6.12 Software

National Instruments LabView Program was used in order to control the functional fatigue

tests.
3.7  Functional Fatigue Tests

Functional fatigue experiments were performed on a custom-built functional fatigue test
setup. Tensile samples were attached to the aluminum sigma profile chassis through
mounting them to the grips. The weights were hanged to the bottom grip in order to
generate constant stress magnitudes on the tensile samples. The material was heated with
the electric current passing through sample, which was called as 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 samples’ gage length with the
Optris CTlaser LTF-CF1 infrared thermometer. Tensile samples were coated with high
temperature black paint, since the emissivity value of the black paint was already known.
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. Displacement was measured with a linear potentiometric displacement sensor
(LPDS). Actuation strain was calculated with difference between martensitic and austenitic
strains. Measurement, control and data acquisition were performed using the program
scripted on National Instruments LabView Program. National Instruments USB-6003 data
logger was utilized to take data from the sensors as input and to control the proportional
valve as an output device. 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. Temperature, displacement and number of cycle data were

stored to the computer.

3.8 Microstructure Evaluation

Microstructural evaluation of extruded and aged samples was first determined using Nikon

Eclipse LV 150 optical microscope. Optic microscope investigation of the samples
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performed before functional fatigue tests and after functional fatigue tests. Also,
transmission electron microscope was used in order to determine the twin structure,

precipitates and oxide particles.

Illustration of all processes was schematically described in Figure 3.8-1, Figure 3.8-2 and
Figure 3.8-3.

Ni I Ti 1 Hf

Vacuum Induction
Sealing with mild Melting

steel can

(s 50,3Ni-29,7Ti-20Hf

900° C with area
reduction of 4:1

Aging for 3 hours @450° C @500° C @550° C
As Extruded —) E-A450-3 E-A500-3 E-A550-3
DSC

Figure 3.8-1. Processes of the Material and Thermal DSC Tests
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Figure 3.8-2 Load Biased Thermomechanical Tests and Transmission Electron Imaging
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Figure 3.8-3. Fatigue Tests and Failure Analysis
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4 EXPERIMENTAL RESULTS
4.1 Differential Scanning Calorimetry

Normalized heat flow vs. temperature curves from the DSC experiments of the samples
which were extruded and aged at 450°C, 500°C and 550°C are represented in Figure 4.1-1.
A decrease in transformation temperatures was observed after aging at 450°C since the
stress field around the nano-sized precipitates suppressed the transformation such that
higher undercooling became necessary for martensitic transformation. However, aging at
elevated temperatures led to an increase in transformation temperatures. This can be
explained with the decrease in Ni content in the matrix with the increase in volume fraction
of precipitates. When the aging temperatures were increased, precipitate volume fraction
became higher. Volume fraction of precipitates could be increased with the increase of the
aging temperature via new precipitate nucleation or growth of existing precipitates. Also,
aging time affects the volume fraction. However, 3 hours aging time kept constant for all

aging temperatures in order to reveal the temperature effect.
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Figure 4.1-1. DSC Results For Extruded and Aged Niso.3Ti2g.7Hf20 Samples
It should be noted that, Ni depletion due to precipitation formation and the stress field
around the nano-sized precipitates affect the transformation temperatures in a different

way. Decrease in transformation temperatures due to the stress fields around nano-sized

precipitates is observed when the samples are aged below 500°C. On the contrary,
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depletion of Ni from matrix with the formation of precipitates becomes dominant in
increasing the transformation temperatures when the samples are aged at and above 500°C.

The transformation temperatures above 100°C were achieved with aging the samples above
550°C for 3 hours. Thus, aging at 550°C for 3 hours condition was selected for functional

fatigue tests.

Normalized heat flow vs temperature curves of extruded Niso3Tiz7Hf20 and aged
Niso.3Tize.7Hf20 samples from DSC experiments are shown in Figure 4.1-2 and Figure 4.1-
3, respectively. The corresponding transformation temperatures which are drawn from
these curves are presented in Table 1. Mf temperature decreased from 33,2°C to 29°C,
while Af temperature decreased from 109,9°C to 103°C at the end of the 3 stress free
cycles for extruded sample. Beside this, Ms and As temperatures of extruded sample

exhibited similar decreasing trend with the cycles.
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Figure 4.1-2. Normalized heat flow vs temperature curves of extruded Niso3Tizg.7Hf20

sample.

On the other hand, aged samples showed excellent cyclic stability during stress free
transformation temperature measurements. Transformation temperatures decreased

between 1,7°C and 3°C at the end of the 3 cycles and this indicates perfect cyclic stability
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in terms of transformation temperatures. Likewise, transformation temperatures were
above the threshold value which is 100°C for satisfying the condition of being HTSMA.
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Extruded-Aged@550°C for 3 hrs
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Figure 4.1-3 Normalized heat flow vs temperature curves of aged Niso.3Ti2g.7Hf20

The comparison of the transformation temperatures of extruded and aged samples

demonstrated the effect of aging on both transformation temperatures and cyclic stability

(Table 4.1-1). Transformation temperatures of aged sample are above or close to 100°C

while extruded sample’s transformation temperatures are below 100°C. It is obvious that

aging at 550°C for 3 hours increases the transformation temperatures. It is also observed

that cyclic stability of aged sample is better than that of the extruded sample.

41



Table 4.1-1 Transformation temperatures of extruded and aged Niso.3Tize.7Hf20 sSamples

which were drawn from the DSC curves.

Sample Cycle Transformation Temperatures
(°C)
Mt M; As At
Extruded 1 33.2 79.7 77.3 109.9
2 30.2 78.2 70.4 106.5
3 27 75.1 67 103.6

Difference -6.2 -4.6 -10.3 -6.3

(°C) (3-1)
Aged at 1 100.9 142 137.7 | 1713
550°C for 3
2 99.9 141.3 | 1364 | 168.9
hours
3 99.2 139.8 | 1354 | 168.3
Difference -1.7 -2.2 -2.3 -3
(°C) (3-1)

4.2  Load Biased Heating and Cooling

Figure 4.2-1 and Figure 4.2-2 represent the strain vs. temperature response under
increasing constant stress levels for extruded and aged samples, respectively. Actuation
and irrecoverable strain values were drawn from strain vs temperature curves and shown in
Figure 4.2-3. Actuation strain increased when applied stress magnitudes were increased for
both samples. Extruded sample showed irrecoverable strain under 300 MPa stress level,
and fracture occurred during cooling period under 600 MPa. Aged sample showed

irrecoverable strain under 600 MPa, however it did not fracture even under 600 MPa stress
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magnitude. Stress level was not increased further for this sample. Actually, load biased

experiments were done on Nisg3Ti2g7Hf20 alloy and the results were published previously

in the literature, however, in this study load biased experiments were also conducted before

the functional fatigue experiments to determine the threshold stress level at which

irrecoverable strain was observed.

50.3Ni-29.7Ti-20Hf

Extruded
600 MPa

B‘? 500 MPa
= .
g 400 MPa
w)
-y
N ./ 300 MPa
200 MPa Irrecoverable strain
. 100 MPa
1 r r t 1 17T — T T T T T T T —— .
0 100 200 300 400

Temperature (UC)

Figure 4.2-1 Strain vs Temperature curves of extruded Niso.3Tize.7Hf20 sample under

increasing constant stress magnitudes during isobaric heating-cooling experiments.

It is shown in Figure 4.2-1 that the irrecoverable strain appeared under 300 MPa constant

stress level for the extruded sample. On the other hand, aged sample does not show
noticeable irrecoverable strain up to 600 MPa. Therefore, the functional fatigue

experiments were done under 200 MPa, which was the stress level that no irrecoverable

strain was observed for both of the samples.
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Figure 4.2-2 Strain vs Temperature curves of aged Niso.3Ti2g.7Hf20 sSample under increasing

constant stress magnitudes during isobaric heating-cooling experiments.

Maximum irrecoverable strain magnitude was observed at 300 MPa on extruded sample

(Figure 4.2-3). It was expected that magnitude of irrecoverable strain should be increased

with the increase of the stress level. However, less irrecoverable strain was observed at the

stress levels which were higher than 300 MPa. It can be explained with the increase in

critical stress for slip with the plastic deformation via the applied stress. Since same sample

was used for incremental load-biased heating and cooling tests (not virgin sample for each

stress levels), plastic deformation at 300 MPa stress level might lead to an increase in

critical stress for slip. Thus, sample might show less irrecoverable strain at higher stress

levels. Also, transformation temperatures were increased with the increase in stress levels

16
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Figure 4.2-3 Actuation and irrecoverable strain values which were drawn from strain vs
temperature curves of the isobaric heating-cooling experiments of extruded and aged

Niso.3Ti2e.7Hf20 Samples.

It can be seen from Figure 4.2-3 that actuation strain increased with the increase in applied
stress magnitudes for both of the samples. It is known that nano-sized precipitates are the
main reasons of having less transforming volume in the matrix. Thus, lower actuation
strains were expected for the aged samples in general. However, extruded sample showed
less actuation strain for 100 MPa stress level. It is possible that 100 MPa stress level was
not enough to activate the orientation of martensite variants through the most favorable
one. For aged sample on the other hand, local stress fields around the precipitates could
trigger the orientation of the more martensite variants through the most favorable one such

that higher actuation strain value could be achieved.

For 200 MPa stress level, external load became dominant for variant reorientation and
higher actuation strain was observed for extruded sample, since extruded sample has no
nano-sized precipitates which strengthen the matrix. When the stress is increased to 300
MPa, actuation strain of extruded sample became lower than the actuation strain of aged
sample. It must be noted that, irrecoverable strain was observed for extruded sample under
300 MPa stress level. Therefore, actuation strain was lower for extruded sample because of
plastic deformation which could not be recovered. For the stress levels which were higher
than 300 MPa, there could be some reasons of observing same recoverable strain values for
extruded and aged samples. Firstly, irrecoverable strains which were observed at the

extruded sample for stress levels higher than 300 MPa might result decrease in actuation
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strain. Secondly, plastic strain which were induced to the sample at previous loading might
increase the matrix strength. Thus, higher actuation strains may not be observed for

extruded sample.

Speaking of irrecoverable strains, negligible irrecoverable strains were observed for 100
MPa stress level for both of the samples. For the stress levels between 200 MPa and 500
MPa, extruded sample showed irrecoverable strain where aged sample showed no
irrecoverable strain. This can be explained as nano-sized precipitates strengthen the matrix
in the aged sample and also increase the critical stress for slip. For 600 MPa stress level,
aged sample showed minimal irrecoverable strain for the first time. However, extruded
sample was fractured under 600 MPa. It is also an evidence that nano-sized precipitates

strengthen the matrix.

4.3  Functional Fatigue Tests

Functional fatigue experiments were conducted under constant stress magnitude of 200
MPa since irrecoverable strain were first observed under 300 MPa in load biased heating-
cooling experiment of the extruded sample. Therefore, 200 MPa stress magnitude was set
as the threshold stress level. It has been already known that UCT has a negative effect on
the fatigue life of HTSMAs from previous studies [18].When UCT increases, actuation
strain of the sample increases since there are some local regions where heating to higher
temperatures is necessary for further transformation of martensite to austenite. It should be
noted that UCT is set to a temperature where it is sufficient for the complete austenitic
transformation. However, there is an accumulation of dislocations in the matrix such that
the increase in the dislocation density leads to an increase in the transformation
temperatures due to the necessity of overheating for full austenitic transformation. If the
UCT is higher, the sufficient overheating to overcome the dislocation barriers is supplied
to achieve full transformation. The increase in UCT together with the full transformation
along the sample is accompanied with an increase in actuation strain. Additionally,
increase in actuation strain leads more expansion and contraction of cracks which promotes
crack propagation. Other effect of UCT can be considered as decreasing the strength of the
material at relatively higher temperatures, which results early failure. However, the effect
of UCT was not the main focus in this study. The main aim of this thesis is the
investigation of the effect of aging on the functional fatigue life of NiTiHf alloy [15].
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Since the transformation temperatures of extruded and aged samples are different,
determination of one constant UCT temperature for both extruded and aged samples is not
feasible. Selecting UCT considering the austenite finish temperature of the aged samples to
achieve complete austenitic transformation causes unnecessary heating of extruded sample,
which leads early failure. On the other hand, selecting UCT considering the austenite finish
temperature of the extruded samples to complete austenite formation causes an incomplete
austenitic transformation for aged sample. Thus, the stress free transformation
temperatures which were drawn from the DSC curves are considered to set the UCT
temperatures in the functional fatigue experiments. As a summary, UCT was set to As +
130°C, considering As temperatures of the samples obtained from DSC experiments
separately, which are approximately 240°C for the extruded sample and 300°C for the aged

sample.

Strain vs. Temperatures responses, transformation temperatures, hysteresis and actuation
strain magnitudes of the samples with the number of cycles from functional fatigue tests
were investigated for some selected cycles, since samples were heated and cooled under
constant stress magnitudes for thousands of cycles. The selected cycles from the

experiments are given in Table 4.3-1.
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Table 4.3-1. Investigated cycles for extruded and aged samples

Samples
Extruded Aged
1 1

100 100

200 200

500 500

Cycle number 1000 1000
2000 2000

5000 (last cycle) 5000
7000
10000
13000

16534 (last cycle)

An attention should be paid to early cycles because the shape memory properties of the
alloys are stabilized with number of cycles. Thus, the investigation of the early cycles
became more important to understand the cyclic stability of these materials. However,
investigated cycles were selected same for extruded and aged samples, in sake of

consistency.

Figure 4.3-1 represents the Strain vs Temperature response of extruded sample under 200
MPa, for different number of cycles. Extruded sample did not fracture until 5000™ cycle.
However, it lost its shape recovery characteristic through the selected temperature region
and test was stopped. Lost in shape memory characteristic can be defined as lost in
actuation strain. It should be noted that, the sample lost the characteristic shape recovery
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transformation curve behavior after 1000™ cycle, which makes impossible to determine the
transformation temperatures and hysteresis. However, it continued to show very low
actuation strain. Thus, transformation temperatures were not determined after 1000 cycle,

but actuation strains were calculated.

1 50.3Ni-29.7Ti-20Hf
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Figure 4.3-1. Strain vs Temperature Curves for Different Cycles for extruded

Niso.3Ti2e7Hf20 sample

Figure 4.3-2 shows the evolution of transformation temperatures with respect to number of
cycles of extruded sample under 200 MPa stress level. It can be seen that there was no
noticeable change in the transformation temperatures for the first 1000 cycles. The
evolution of the transformation temperatures is represented in Table 4.3. It can be
concluded that Mf and As temperatures have a decreasing trend while Af and Ms

temperatures have an increasing trend.
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Figure 4.3-2. Change of Tranformation Temperatures with respect to Number of Cycles for

extruded Nisg3Tizg.7Hf20

Table 4.3-1 Evolution of Tranformation Temperatures with respect to Number of Cycles

for extruded Niso3Tiz2g.7Hf20

Mf Ms As Af
First Last First Last First Last First Last
Temperature (°C)
69.9 57.7 85.6 1129 | 103.1 88.8 121.9 151
Difference (°C)
-12.2 27.3 -14.3 29.7
(Last — First)

The change in hysteresis with respect to number of cycles for extruded sample under 200
MPa is represented in Figure 4.3-3. The initial value of the hysteresis was found as

35.1°Cand decreased down to 29.1°C at the 200" cycle and started to increase until 1000™

cycle up to 35.4°C.
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Figure 4.3-3. Change in Hysteresis of Extruded Niso.3Tize.7Hf20 Sample Under 200 MPa

Figure 4.3-4 shows the evolution of the actuation strain with respect to number of cycles
for the extruded sample under 200 MPa. The value of the actuation strain was 2.78% at the
beginning and decreased to 0.18% at the end of the 5000™" cycle.

] 50.3Ni-29.7Ti-20Hf
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2000
Figure 4.3-4. Evolution of the actuation strain with respect to number of cycles for the
extruded Niso3Ti20.7Hf20 Sample under 200 MPa

The Strain vs Temperature responses of the aged sample for different number of cycles
under 200 MPa stress level are shown in Figure 4.3-5. Sample fractured at 16535 cycle,

but it demonstrated actuation strain until the last cycle.
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Figure 4.3-5. The Strain vs Temperature responses of the aged Niso.3Ti2g.7Hf20 sSample for
different number of cycles under 200 MPa

The evolution of the transformation temperatures with respect to number of cycles for aged
sample under 200 MPa stress level is presented in Figure 4.3-6. A small decrease for all
transformation temperatures were observed through the first 500 cycles. Then, all

transformation temperatures increased until the last cycle of the experiment.
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Figure 4.3-6. The evolution of the transformation temperatures with respect to number of
cycles for aged Niso.3Tize.7Hf20 sample under 200 MPa
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Comparison of transformation temperatures which were drawn from the first and the last
cycles of the functional fatigue experiments and the differences in the values are presented
in Table 4.3-2 It can be concluded that, the highest increase in transformation temperatures

was observed for As, while lowest increase was observed for As temperature.

Table 4.3-2 Comparison of Transformation temperatures of First and Last Cycles for aged

Niso.3Ti2g.7Hf20 sample

Mf Ms As Af

First Last First Last First Last First Last

Temperature (°C)
130 1741 | 147.2 222 152.3 181 166.8 | 260.4

Difference (°C)
44.1 74.8 28.7 93.6

(Last — First)

Figure 4.3-7 presents the thermal hysteresis evolution of the aged sample during the
functional fatigue experiment under 200 MPa. The thermal hysteresis values of the aged
sample under 200 MPa stress level drastically increased for the first 3000 cycles, then a

slight increase was observed after that point until failure.
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Figure 4.3-7. The thermal hysteresis evolution of the aged Niso 3Ti2e7Hf20 Sample during
the functional fatigue experiment under 200MPa
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Figure 4.3-8. shows the change in actuation strain with respect to number of cycles for the
aged sample under 200 MPa stress level. The initial value of sctuation strain was
determined as 2.56% and increased up to 2.59% for the first 100 cycles, then decreased
down to 1.66% at the end of the last cycle.

4
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Figure 4.3-8. The change in actuation strain with respect to number of cycles for the aged
sample under 200 MPa

Figure 4.3-9 represents the comparison of the change in transformation temperatures with
the number of cycles for extruded and aged samples. Aged sample has higher
transformation temperatures and thermal cyclic stability was maintained throughout the
cycles. For better understanding, the evolution of transformation temperatures for the first
1000 cycles are plotted in Figure 4.3-10.
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Figure 4.3-10. Evolution of transformation temperatures for the first 1000 cycles

The changes in the values of the transformation temperatures of the extruded and the aged

samples for first 1000 cycles

are listed at Table 4.3-3. Both samples showed same

increasing and decreasing trend for the first 1000 cycles. However, aged sample showed

excellent cyclic stability in terms of transformation temperatures since the change in

transformation temperatures was below 10°C
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Table 4.3-3 Transformation temperatures of the extruded and the aged samples for first

1000 cycle

Mf Ms As Af

First | Last | First | Last | First | Last | First | Last
Temperature

<) Extruded | 69.9 57.7 85.6 | 1129 | 103.1 | 88.8 | 121.9 | 151
Aged 130 | 121.8 | 147.2 | 157 | 152.3 | 148.2 | 166.8 | 166.1

Difference (°C) Extruded -12.2 27.3 -14.3 29.7

(Last - First) Aged -8.2 9.8 -4.1 -0.7

Figure 4.3-11 shows the comparison of thermal hysteresis response with respect to number
of cycles for the extruded and aged samples. Aged sample showed lower hysteresis values

than that of the extruded sample for the first 1000 cycles.
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Figure 4.3-11. The comparison of thermal hysteresis response with respect to number of

cycles for the extruded and aged samples

The evolution of the actuation strain with respect to number of cycles is represented in
Figure 4.3-12 for both extruded and aged samples. It was determined that the extruded
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sample demonstrated higher actuation strain than that of the aged sample. However, the
actuation strain of the extruded samples decreased drastically down to 0.18% at the end of
the 5000 cycle. On the other hand, aged sample showed better cyclic stability in terms of
actuation strain which might be attributed to the increase in the strength with precipitation

hardening mechanism.
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Figure 4.3-12. The evolution of the actuation strain with respect to number of cycles

4.4 Microstructural Investigation

4.4.1  Post-Mortem Optical Microscope Investiagtion

Figure 4.4-1 and Figure 4.4-2 show the optical microscope images of the extruded and the
aged samples after functional fatigue tests, respectively. Micro cracks were observed in
both of the samples. On the other hand, the cracks of the extruded sample are smaller than
that of the aged samples. There is a possibility that the cracks did not propagate since
extruded sample was exposed to lower cycle number due to losing the shape recovery
behavior at the end of the 1000™ cycle.
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Figure 4.4-1. The optical microscope images of the extruded sample after Functional

fatigue test

It is obvious that cracks were initiated from the surface and propagated during the
functional fatigue experiments for both extruded and aged samples. One of the reasons of
crack propagation might be the movement of martensite-austenite boundary. During the
transformation, dislocation density increases because of this movement and the increase in
the dislocation density leads to an increase in the residual stress and makes the material
brittle such that the crack propagation becomes easier. Another reason of the crack
propagation can be the inhomogeneity in temperature distributions. Since samples were
cooled via forced air convection from the surface, midsection of the sample could not be
cooled enough. Thus, midsection of the samples might be exposed to less temperature
difference, such that volume percentage of the transforming area might decrease and this
leads an incompatibility between the transforming regions throughout the section of the

sample. Thus, the incompatibility in the matrix might ease the crack propagation as well.
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Figure 4.4-2. The optical microscope images of the aged sample after Functional fatigue

test

Optical microscope images of the etched extruded and aged samples are presented in
Figure 4.4-3 and Figure 4.4-4, respectively. Both samples were in martensitic structure.
No retained austenite was observed under optical microscope and all structure was needle
like martensitic structure. It can be conducted that austenite stabilization was not realized
during functional fatigue tests. However, optical microscope studies are not enough for
high resolution investigations such that further studies should be conducted using

transmission electron microscope.
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Figure 4.4-3. Optical microscope images of the etched extruded samples after functional

fatigue test

Figure 4.4-4. Optical microscope images of the etched aged samples after functional
fatigue test
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4.4.2  Transmission Electron Microscopy

Transmission Electron Microscopy studies were also conducted to reveal the twin structure
in the extruded and the precipitate formation in the aged samples. The very common
internal twin structure was determined in the extruded sample and shown in Figure 4.4-5.
Very thin twinning formation was observed inside of the martensitic plates as expected
from the previous microstructural studies in the literature.

4" Internal Jwins

Figure 4.4-5. Internal twin structure was determined in the extruded sample

Ti2NiHf (O) and HfO> oxide particles were observed in the aged sample from the TEM
investigation, which can be seen in Fig 4.4-6. Electron Dispersive Spectroscopy (EDS)
Analysis of the TioNiHf(O) and HfO> oxide particles are presented at Table 4.4-1 and table
4.4-2, respectively. EDS analysis were done using the spectrometer which was attached to
the TEM. Therefore, these results provided us more reliable values in terms of the

chemistry of the particles.
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Formation of these oxide particles could take place during production and processing of
the materials. These precipitates were not equally distributed in the matrix. Therefore, they
do not harden and increase the strength of the materials. They act like discontinuities in
the matrix such that stress concentration around these particles might be the main reason of
crack initiation and propagation. Moreover, this crack initiation and propagation lead the

material to experience early failure during functional fatigue experiments.

Table 4.4-1 Elemental Analysis of Ti2NiHf

Element Weight % Atomic %
O(K) 2.94 13.42
Ti(K) 25.57 38.95
Ni(K) 22.08 27.44
Hf(L) 49.39 20.18
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HfO2

Figure 4.4-6. Oxide Particles a) TioNiHf b)HfO

Table 4.4-2 Elemental Analysis of HfO

Element Weight % Atomic %
O(K) 14.80 65.97
Ti(K) 0.00 0.00
Ni(K) 0.00 0.00
Hf(L) 85.19 34.02

It has been already known from the literature that very well distributed H-phase nano-sized
precipitates are the main reasons in the strength increase and the improvement of the shape
memory properties of Ni-rich NiTiHf alloys. Therefore, it was important to determine the
H-phase precipitates in the matrix after the aging process. It was found that there is a

homogeneous distribution of H-phase nanostructured precipitates in the matrix as can be
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seen in Figure 4.4-7 for the aged sample. The high resolution TEM image also showed that
the size of the precipitates could be even at around 10nm.

Figure 4.4-7. H Phase Precipitations
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5 CONCLUSION

The conclusions which can be drawn from this study under the light of the all

aforementioned results are presented below:

Load-biased heating and cooling tests revealed that aging 550°C for 3 hours led to a
decrease in irrecoverable strain values, comparing to values acquired from the extruded
sample. The irrecoverable strain was first detected in the aged sample under 600 MPa
stress level. On the other hand, extruded sample showed irrecoverable strain under 300
MPa stress level during load-biased heating-cooling experiments. This can be explained
with the increase in the strength of the alloy via the formation of nano-sized precipitates
during aging process. The nano-sized precipitates block the dislocation motion and
increase the strength of matrix. This increase led to an increase in the critical stress for slip.
Thus, irrecoverable strains related with the plastic deformation were not observed until 600
MPa stress level for the aged sample.

It is obvious that aging has a positive effect on the cyclic stability in terms of both
transformation temperatures and actuation strain during functional fatigue tests. Drastic
increase in transformation temperatures and a noticeable decrease in actuation stain values
of extruded sample can be explained with the accumulation of dislocations during the
martensite-austenite transformation under constant stress magnitudes. In the absence of
nano-scale precipitates, extruded sample exhibited more actuation strain under 200 MPa in
the functional fatigue experiments during the initial cycles. However, higher transforming
region which is the reason of having higher actuation strain leads to the formation of more
dislocation and accumulation of dislocation in the matrix throughout the cycles. The
increase in dislocation density mitigates the thermal and thermo-mechanical cyclic stability
of these alloys. However, nano-scale precipitates in the matrix of the aged sample act as
barriers to the dislocation motions. Less dislocation movement leads to less dislocation
accumulation. Thus, cyclic stability of the aged sample is better than that of the as extruded

sample.

The TEM analysis reveals that there were TiNiHf and Hf oxide particles in the matrix.
Since the oxide particles were not compatible with the structure of the matrix, they might
act as stress concentrators such that crack initiation and propagation may become easier

with the number of cycles in the functional fatigue experiments. Therefore, it is very
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important to produce NiTiHf shape memory alloys via inhibiting the oxidation not only

during casting but also during the secondary treatment processes.

It is the first study that compares the functional fatigue behavior of Niso3Tize7Hf20 aged at
550°C for 3 hours and as extruded HTSMASs in literature. Further studies can be focused on
the effect of different aging temperatures for Niso3Tiz2e,7Hf20 HTSMA on functional fatigue

behavior of Niso3Tizg 7Hf20.
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