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Shape Memory Alloys (SMAs) are very special materials with their distinctive ability to
recover their shape change by phase transformation via mechanical and/or thermal
stimulations. When the alloy heated above a certain temperature, shape change recovery
under load/stress could be accomplished. By using this shape change mechanism, SMAs
could produce work against loads and they could be used as actuators due to this property

in several industries.

NiTi alloys are the most widely used SMAs in commercial applications. However, they
have limited TTs below 100°C which inhibits their usage as actuators at elevated
temperatures. To achieve higher TTs, NiTiHf alloys are the most promising among other

SMAs.



There is an increasing demand for using these alloys in actuator type of applications at
high operating temperatures. In this demand, NiTiHf High Temperature Shape Memory
Alloys (HTSMAs) could be good candidates since they have been known as not only
HTSMAs but also SMAs having high strength. Although they have relatively better
mechanical and shape memory properties at high temperatures they still suffer from
thermal and thermomechanical cyclic instability problem due to the decrease of their
strength with the increase of operating temperatures. Thus, knowing their fatigue and
crack growth properties could be useful by considering their reliability and robustness in
their usage. However, there are limited number of studies in the literature on fatigue,
crack initiation and growth behavior that leads to fracture by running actuation thermal
cycles on these alloys under constant load. Therefore, it is required to know and
understand the actuation fatigue properties together with the crack growth behavior at
elevated temperatures. Additionally, creep based viscoplasticity could have an effect on
crack formation and propagation, since these materials work at elevated temperatures as
mentioned above. Thus, knowing the crack growth behavior under creep formation could

be also very beneficial for utilizing these alloys in especially aerospace industry.

Within the scope of the mentioned context, actuation fatigue experiments under load were
conducted for different conditions then crack growth behavior and actuation fatigue

properties were investigated.

Firstly, dog-bone shaped hot-extruded NisoTizoHf20 (at.%) HTSMA tensile test sample
without a pre-notch was thermally cycled under constant load magnitude. Actuation
fatigue behavior, surface crack formations and crack growth behavior were investigated
at intermittent cycles. The thermal cycles were stopped after running certain amount of
cycles, the sample was detached from the test set up and the crack formations and the

changes in the crack lengths were determined by using Optical Microscope (OM).

Secondly, hot extruded and pre-notched (HE-PN) NisoTi30Hf20 (at.%) test samples were

used to investigate the crack growth and actuation fatigue properties during heating-
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cooling cycles under load. However, different type of crack growth behavior and shape

memory properties were observed from each sample.

Thirdly, to achieve more stable crack growth and actuation fatigue properties, hot-
extruded, pre-notched and subsequently annealed (HE-PN-AN) samples were tested via
running actuation fatigue tests on NisoTizoHf>o (at.%) alloys. Slower crack growth was
determined in HE-PN-AN sample than that of in HE-PN sample. In addition, similar crack
growth rates and more stable actuation fatigue performance were observed in annealed
samples. On the other hand, there were variations in the crack growth rate and the fatigue
properties of HE-PN samples. Lastly, minor cracks were formed and propagated together
in annealed samples due to relieving the induced stress during hot-extrusion and relatively

easier new surface generation with the same amount of energy.

Moreover, actuation fatigue tests were conducted on 3 different samples to see the effect
of Upper Cycle Temperature (UCT), applied stress magnitude and Hf content on crack
formation, crack growth and actuation fatigue properties. It is important to note that UCT
is the limit temperature to which the samples are heated when conducting actuation
fatigue tests. HE-PN-AN coded NisoTiz0Hf20 (at.%) samples were tested using different
test parameters. While testing one of the HE-PN-AN NisoTi30Hf20 (at.%) samples UCT
value was set to 600°C and the stress was kept constant at 200 MPa stress value. Another
HE-PN-AN sample having the same aforementioned composition was tested under
300 MPa stress magnitude by setting the UCT to 440°C. Actuation properties were in
similar trends with the previous tests conducted on the other annealed samples with the
application of 200 MPa, but increase in the stress magnitude led a shorter actuation fatigue
life through which crack propagation could not be followed due to the sudden fracture.
To see the effect of Hf content to the actuation fatigue properties of NiTiHf HTSMA,
NisoTizsHf2s (at.%) was tested under 200 MPa stress and by setting the UCT to 600°C.
UCT value was fixed as 600°C to observe the complete austenitic transformation in cycles
since this alloy has higher Hf content and hence higher TTs. Actuation strain values of
NisoTi30Hf20 (at.%) were found to be higher than that of NisoTi2sHf2s (at.%) alloy
throughout the actuation cycles which were conducted under 200 MPa and by using

600°C as UCT. Higher UCT resulted higher actuation strains due to the increase in
il



transforming volume but high amount surface cracks due to severe oxidation were formed
around pre-notch area. High amount of oxidation-based crack formation and propagation
also increased plastic strain accumulation over the actuation cycles. Although higher
actuation strain values could be achieved by higher UCT application, which is one of the
important parameters in actuator applications achieving higher actuation strain values did

not provide longer fatigue lifetimes, reliable and stable shape memory properties.

Lastly, since these SMAs were heated to higher temperatures during actuation fatigue
cycles, creep effect on crack formation at 600°C temperature under different stress levels
were investigated. NisoTizoHf20 (at.%) HE-PN-AN samples were loaded to 300 MPa,
400 MPa and 500 MPa at 600°C and the creep experiments were run until failure. It was
observed that higher applied stress magnitudes and high UCT led to observe very high

creep rates.

Keywords: High Temperature Shape Memory Alloys, Actuation Fatigue, Crack
Behavior, Crack Growth, NiTiHf
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OZET

NiTiHF YUKSEK SICAKLIK SEKIL HAFIZALI ALASIMLARIN
AKTUASYON DONGULERI SIRASINDA CATLAK ILERLEMESI

Meri¢ EKICILER

Doktora, Makina Miihendisligi Boliimii
Tez Damismani: Prof. Dr. Benat KOCKAR

Ocak 2023, 121 sayfa

Sekil Hafizali Alasimlar (SHA), mekanik ve/veya termal uyarim yoluyla faz
doniistimiinden faydalanarak sekil degisikliklerini geri kazanabilme yeteneklerine sahip
0zel malzemelerdir. Alasim belirli bir sicakligin tizerine 1sitildiginda yiik altinda sekil
degisikliginin geri kazanimi saglanabilmektedir. SHA’ lar bu sekil degistirme
mekanizmasini kullanarak, ytiklere karsi is tiretebilmekte ve bu 6zelliklerine bagli olarak

cesitli endiistrilerde aktiiator olarak kullanilabilmektedirler.

NiTi alasimlari, ticari uygulamalarda en yaygin kullanilan SHA”® lardir. Fakat bununla
birlikte, 100°C' nin altinda sinirl déniisiim sicakliklarina sahiptirler ve bu durum ytiksek
sicakliklarda akttiator olarak kullanimlarini kisitlamaktadir. Daha yiiksek dontistim
sicakliklarinda kullanim i¢in NiTiHf alasimlari, diger SHA' lar arasinda en umut verici

olanlardir.



Bu alagimlarin yiiksek ¢alisma sicakliklarinda aktiiator tipi uygulamalarda kullanilmasina
yonelik artan bir talep vardir. NiTiHf alagimlari, sadece yiiksek sicaklik SHA' lar1 olarak
degil, ayn1 zamanda yiiksek mukavemete sahip SHA' lar olarak da bilindiginden, bu
talepte uygun adaylar olabilirler. Yiiksek sicakliklarda nispeten daha iyi mekanik ve sekil
hafiza ozelliklerine sahip olmalarina ragmen, c¢aligma sicakliklarinin artmasiyla
dayanimlarinin azalmasi nedeniyle hala termal ve termomekanik dongiisel kararsizlik
problemleri bulunmaktadir. Bu nedenle, yorulma ve ¢atlak biiytime 6zelliklerini bilmek,
kullanimlarindaki giivenilirlik ve saglamliklarini géz onitinde bulundurarak faydali
olabilir. Bununla birlikte, sabit yiik altinda aktiiasyon ¢evrimlerindeki yorulma davranis,
catlaklarin nasil davranarak yayildigi ve ardindan kirilmaya neden oldugu konusunda
literatiirde sinirli sayida ¢alisma bulunmaktadir. Bu nedenle, yiiksek sicakliklarda ¢atlak
biiylime davranisi ile birlikte aktiiasyon yorulma 6zelliklerinin bilinmesi ve anlagilmasi
gerekmektedir. Ek olarak, bu malzemeler yliksek sicakliklarda calistiklarindan, stirtinme
bazli viskoplastisite, ¢atlak olusumu ve ilerlemesi tizerinde bir etkiye sahip olabilir. Bu
nedenle, siirlinme olusumu altindaki ¢atlak biiytime davranisinin bilinmesi, bu alagimlarin

Ozellikle havacilik endiistrisinde kullaniminda yararl olabilir.

Bahsedilen kapsamda, farkli kosullar icin yiik altinda aktiiasyon yorulma deneyleri
gerceklestirilmis, ardindan catlak biiylime davranisi ve aktiiasyon yorulma o6zellikleri

incelenmistir.

[k olarak, sicak ekstriide edilmis NisoTizoHf20 (at.%) numunesi, &n ¢entiksiz, sabit yiik
biiytikliigii altinda termal dongliye tabi tutulmustur. Aralikli dongiilerde aktiiasyon
yorulma davranisi, yiizey catlak formlar1 ve gatlak biiylime davranisi incelenmistir. Isil
cevrimler belli sayida ¢evrim yapildiktan sonra durdurulmus, numune test diizeneginden
alimmig ve Optik Mikroskop (OM) kullanilarak ¢atlak olusumlart ve c¢atlak

uzunluklarindaki degisimler belirlenmistir.

Ikinci olarak, yiik altinda isitma-sogutma ¢evrimleri sirasinda gatlak biiyiimesini ve
aktiiasyon yorulma 6zelliklerini arastirmak i¢in sicak ekstriide edilmis ve dnceden ¢entik

acilmig (HE-PN) NisoTi30Hf20 (at.%) test numuneleri kullanilmistir. Bununla birlikte, her
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numunede birbirine gore farkli tipte ¢atlak biiylimesi ve sekil hafiza ozellikleri

gozlenmigtir.

Ucgtincii olarak, daha kararl catlak biiyiimesi ve aktiiasyon yorulma 6zellikleri elde etmek
icin, sicak ekstriide edilmis, 6nceden ¢entik a¢ilmis ve ardindan tavlanmig (HE-PN-AN)
numuneler, NisoTi30Hf>o (at.%) alasimlari ile aktiiasyon yorulma testleri altinda test
edilmigstir. Aktiiasyon yorulma testlerinde HE-PN-AN' de HE-PN' ye gore daha yavas
catlak biiylimesi tespit edilmistir. Ayrica, tavlanmis numunelerde benzer catlak biiyiime
oranlar1 ve daha kararl aktiiasyon yorulma performansi gézlenmistir. Buna karsilik, HE-
PN numunelerinin c¢atlak biiylime hizinda ve yorulma ozelliklerinde farkliliklar
gorlilmiistiir. Son olarak, sicak ekstriizyon sirasinda olusan gerilmelerin hafifletilmesi ve
ayni miktarda enerji ile nispeten daha kolay yeni yiizey olusumu nedeniyle, tavlanmis

numunelerde kiiclik catlaklar olugsmus ve birlikte ilerlemistir.

Ayrica, iist gevrim sicakligr’ nin (UCS), uygulanan gerilim biiyiikliigii ve Hf icerigi’ nin
catlak olusumu, catlak biiyltimesi ve aktliasyon yorulma ozellikleri tizerindeki etkisini
gormek igin 3 farkli numune iizerinde aktiiasyon yorulma testleri yapimistir. UCS’ nin,
aktiiasyon yorulma testleri yapilirken numunelerin 1sitildigi sinir sicaklik degeri olduguna
dikkat etmek gerekmektedir. HE-PN-AN kodlu NisoTizoHf2o (at.%) numuneleri farkl: test
parametreleri kullanilarak test edilmistir. HE-PN-AN numunelerinden birisi test edilirken
UCS degeri 600°C olarak ayarlanmis ve gerilim 200 MPa gerilme degerinde sabit
tutulmustur. Yukarida belirtilen bilesime sahip baska bir HE-PN-AN numunesinin ise,
UCS degeri 440°C° ye ayarlanmis ve gerilme 300 MPa gerilme degerinde sabit
tutulmustur. Aktiasyon 6zellikleri, 200 MPa uygulamasi ile diger tavlanmis numuneler
tizerinde daha Once yapilan testlerle benzer egilimlerde goriilmiis, ancak gerilme
biiytikliigiindeki artis, ani kirilma nedeniyle catlak ilerlemesinin takip edilemedigi daha
kisa aktiiasyon yorulma omriine neden olmustur. Hf igeriginin NiTiHf alasimlarinin
aktiiasyon yorulma ozelliklerine etkisini gérmek icin, NisoTi2sHf>s (at.%) 200 MPa
gerilme altinda ve UCS 600°C' ye ayarlanarak test edilmistir. Bu alasim daha yiiksek Hf
icerigine ve dolayisiyla daha yiiksek doniisim sicakliklarina sahip oldugundan,
dongiilerdeki tam Ostenitik doniisiimii gozlemlemek icin UCS degeri 600°C olarak

sabitlenmistir. 200 MPa altinda ve UCS olarak 600°C ’nin kullanildig1 aktiiasyon
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dongiilerinde, NisoTi30Hf20 (at.%) aktiiasyon gerinim degerlerinin NisoTi2sHfzs (at.%)
alasimindan daha yiiksek oldugu goriilmiistiir. Daha yiiksek UCS, doniistim hacmindeki
artistan dolay1 daha yiiksek aktliasyon gerinimlerine neden olmus, ancak ¢entik
cevresindeki siddetli oksidasyon nedeniyle yiliksek miktarda yiizey ¢atlaklari olusmustur.
Yiiksek miktarda oksidasyona dayali catlak olusumu ve ilerlemesi, aktiiasyon dongiileri
boyunca plastik gerinim birikimini de artirmistir. Aktiiatér uygulamalarinda 6nemli
parametrelerden biri olan yiiksek aktiiasyon gerinim degerleri, daha yiiksek UCS
uygulamasi ile elde edilebilse de daha uzun yorulma 6miirleri, giivenilir ve kararli sekil

hafizasi 6zellikleri saglanamamustir.

Son olarak, bu SHA' lar aktiiasyon yorulma ¢evrimleri sirasinda yiiksek sicakliklara
isitildiklarindan, farkli gerilme seviyeleri altinda 600°C sicaklikta catlak olusumu
tizerindeki siirinme etkisi incelenmistir. NisoTizoHf20 (at.%) HE-PN-AN o&rnekleri
600°C' de 300 MPa, 400 MPa ve 500 MPa gerilmelere yiiklenmis ve siirtinme deneyleri
kirilmaya kadar sitirdiirtilmiistiir. Uygulanan yiiksek gerilme biiyiikliiklerinin ve yiiksek

UCS’ nin yiiksek siiriinme oranlarina yol actig1 gzlemlenmistir.

Anahtar Kelimeler: Yiiksek Sicaklik Sekil Hafizali Alasimlar, Aktliasyon Yorulmasi,
Catlak Davranisi, Catlak Ilerlemesi, NiTiHf
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1. INTRODUCTION

SMAs are very special materials which have the ability to recover their shape change by
phase transformation through mechanical and/or thermal stimulations. When the alloy is
heated above a certain temperature, shape recovery under load/stress could be
accomplished. By using this shape change mechanism, SMAs could produce work against
loads. In addition, the work per volume of SMAs against the biasing load with large
recovery of strain magnitudes can be noticeably higher than that of conventional actuators
[1,2]. Additionally, the task performed by the actuator system can be accomplished using
fewer parts made of SMAs with more compact and simplified design instead of using
several components. This is important for the usage of these alloys in several industries
since using less components could decrease the maintenance costs of machine
components and reduce the weight of the actuation components by replacing the heavy

pneumatic and hydraulic systems in aerospace industry [3,4].

They are used in several industries as actuators, impact absorption components, and
constraining components due to the aforementioned properties. There are several
applications in automotive and transportation, civil, biomedical and aerospace industries
[5—10]. There has been already an implemented SMA actuator in the transmission system
of Mercedes A class car and SMA spring in Shinkansen bullet train’s gearbox which
actuates a thermostatic mixing valve depending on the measured temperature [2,11].
Usage of these alloys with their superelastic properties in biomedical industry is more
popular and conventional. Cardiovascular stents and filters, minimally invasive surgery
devices and orthodontic braces are sample applications in this industry [2]. In civil
industry, there are applications to control the seismic response of a building, bridge or
offshore platform. They could also be used as brace and/or washer spring type SMA
components during earthquakes by their energy dissipation capability with superelastic

properties of SMAs [7,8,12].

However, in aerospace industry, they are mostly used as actuation components. Due to
tough regulations worldwide on engine noise levels of the aircraft during landing and
takeoff. Chevron type components are used on engines to mix the exhaust gas flow and
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reduce the engine noise. There are SMA beams inside these chevrons which increases the
mixing thereby reducing the noise at low-speed or low-altitude flight. NiTi alloys have
been used in Boeing 777 as variable chevron geometry to control noise reduction [2,10].
Additionally, to replace heavy weight pneumatics or DC motors, torque tube or beam
plate forms of SMAs are usually used as actuation components in aerospace industry

[4,10].

In applications of many industries, NiTi SMAs are most prevalently used and studied
SMAs due to their superior behaviors such as biological compatibility, workability, and

resistance to corrosion [2,13,14]. However, they have TTs lower than 100°C.

Due to the commercial applications of these alloys up to now, SMA developments are
generally focused on applications with operating temperatures below 100°C. On the other
hand, there is a trend using them in envisioned applications of energy and aerospace
industries with SMAs operating at high temperatures with stable material properties.
Thus, developing robust SMAs which could operate at higher temperatures without losing
the strength and actuation capability has become a necessity. These SMAs are classified
as High Temperature Shape Memory Alloys (HTSMAs) and TTs are increased by
alloying with ternary elements. Au, Pd, Pt, Zr, Hf are used as suitable ternary additional
alloying elements in NiTi binary systems. However, Au, Pd, Pt are relatively more
expensive than that of others and therefore commercial applications are often not
possible. Cost concerns led the researchers to work on alloys with Hf and Zr [14]. But,
Hf addition increases TTs more effectively and Zr makes the alloy very brittle, thus

NiTiHf alloys are the most suitable one among them [4,13,15].

There have been numerous studies in the literature investigating Ni-rich NiTiHf alloys
since they gained attention due to better mechanical and thermal stability with the
formations of nano-sized precipitates. These precipitation formations are called as
H-phase precipitates [16,17] and could be obtained by aging heat treatment of Ni-rich
HTSMAs (include higher (at.%) Ni content than 50%). Aging process results an increase

of TTs due to reduction in the Ni content of the matrix [14]. More Hf addition also
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increases TTs. In addition to Ni-rich NiTiHf alloys, equiatomic NiTiHf alloys with 20
(at.%) or higher Hf content exhibit TTs higher than 200°C. Accordingly, they have higher
TTs than that of age-treated Ni-rich HTSMAs. Higher TTs could also make them
potential candidate for high temperature applications [18-22].

Structural fatigue occurs by cycling loading leading to dislocation accumulation in typical
structural materials. Accumulated dislocations cause crack formation. Then, formed crack
propagates and fatigue failure occurs with fracture. However, fatigue behavior in SMAs
is examined via following a different procedure. Because, they work with repetitive phase
transformation due to heating-cooling cycling under constant load instead of a cyclic
loading as is applied in investigating the fatigue behavior of typical structural materials
[23]. Deterioration of the functional properties of SMAs with heating-cooling cycles
under load is defined as functional fatigue. Functional fatigue can be investigated
considering the activation mechanism of the phase transformation [23]. Pseudoelastic
fatigue occurs due to stress induced martensite transformation by applying cyclic
mechanical loading at constant temperature. When the load is applied austenitic SMA
transforms to martensite and martensitic SMA transforms back to austenite via unloading.
Fatigue occurs as a result of the continuation of the phase transformation with the loading-
unloading cycle. The other type of fatigue in SMAs is named as actuation fatigue which
takes place by thermally induced phase transformation due to running heating-cooling
cycle under constant load [23]. Studies in the literature mainly focused on the

pseudoelastic fatigue of NiTi instead of investigating the actuation fatigue [24-28].

Experimental investigations on the actuation fatigue of HTSMAs are few in the literature.
There are some studies investigating the effect of testing parameters on actuation fatigue
as applied load level [29], UCT effect [18] and cooling rate effect [21]. In addition, some
researchers have works on the effect of heat treatment to the actuation fatigue behavior
[22], microstructural damage evolution during actuation fatigue [23] and effect of
corrosive environment on the actuation fatigue properties of the alloys [30]. In spite, there
are limited numbers of studies in the literature investigating the crack growth behavior
during the actuation fatigue of NiTiHf alloys. Since SMAs are employed as actuators to

operate under cyclic loads, determining fatigue crack growth behavior is crucial. But,
3



determining fatigue crack growth behavior during actuation application is challenging
since the approaches of fatigue crack growth, is based on developed models and theories

for structural metals that do not show phase transformation [31].

Total-life (safe-life) design approach (TLA) and damage-tolerant design approach (DTA)
are used to investigate the fatigue of the materials. In DTA, there is an already initiated
crack in the structure, where its resistance to crack growth with cyclic loading is being
considered. However, TLA considers a flawless part without a crack assumption. Since
small-sized SMAs are used more in the commercial market such as NiTi implants, there
are more works in the literature with TLA. Failure occurs at a short time after the
nucleation of the crack in small sized components. Therefore, it is more significant to

prevent crack nucleation than to control the crack growth in biomedical applications [32].

Compared to TLA, DTA considers the presence of an initial crack. It is more convenient
to use DTA when the part is large enough to keep the functionality and to consider the
stable crack growth in the presence of defects during the service period of the
part/component. Thus, applying this approach to SMA actuators is more suitable when
investigating the crack growth since they usually work against constant loads as
functional materials. On the other hand, application of DTA approach to SMAs is
different and more difficult than that of conventional metals. Because, reversible phase
transformation, thermomechanical coupling and martensite reorientation are primary
factors to take into account in crack growth investigations of SMAs [32,33]. Additionally,
since HTSMA actuators go under phase transformation by heating-cooling at high
temperatures with actuation cycling, creep formation could also have an effect on crack
growth behavior. There are only few works such as Lexcellent et al. investigating creep
of NiTi alloy under tensile load [34] and Tugrul et al. [35] investigating the creep behavior
of NisoTi2sHf25 (at.%) under constant load. However, there has been no work regarding

the creep effect on crack formation in SMAs up to author’s best knowledge.

There are limited numbers of experimental studies on the crack growth behavior during

actuation fatigue of SMAs. Ramaiah et al. [36] performed actuation fatigue experiments
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with NiTi wires under load. They showed that surface cracks initiated during thermal
cycling did not merely lead to fracture and crack generation at the core was important in
realizing the fracture due to temperature gradient based strain inhomogeneity.
Additionally, Iliopoulos et al. conducted experiments by applying actuation cycling under
load to double notched NisoTiso (at.%) specimens and showed that unstable crack
propagation during cooling caused fracture [37]. Jape et al. [38] had experiments on
actuation cycling of pre-notched Ni49 5Tis0.5 (at.%) compact-tension specimens (CT) and

exhibited that the propagation of crack actually occurred during cooling.

However, there aren't many studies looking into crack growth behavior of equiatomic
NiTiHf HTSMAs that contains 50 at.% Ni and 50 at.% (Ti+Hf) during actuation

fatigue/thermal cycling under constant load.

The present thesis was conducted with the motivation of looking into the issues regarding
determination of crack growth and actuation fatigue behavior during the actuation fatigue
cycling under loads in equiatomic NiTiHf HTSMAs. Knowing the crack growth behavior
could provide a significant guidance on the use of these alloys as actuators. Since there
are not many works regarding the crack growth behavior during actuation fatigue cycling
under load in NiTiHf alloys, it is expected from this study to particularly contribute to the
literature. Also, experiments revealing the effect of UCT, applied stress magnitude and
Hf content on the crack propagation and the actuation fatigue behavior of NiTiHf alloys

could also expand the scope of the literature.

Within this context, actuation fatigue experiment was conducted and actuation fatigue
behavior of hot-extruded (HE) NisoTizoHf20 (at.%) alloy without a pre-notch was
revealed. Also, surface crack initiations and crack propagation of these cracks were

investigated.

Furthermore, since these materials work under load as actuators, it is important to

understand the actuation fatigue behavior and the crack growth behavior during actuation



cycles. Therefore, hot-extruded equiatomic NisoTizoHf20 (at.%) samples with pre-notches
(HE-PN) were tested by running actuation fatigue cycles under constant load to
investigate the crack growth behavior together with the shape memory properties. Then,
to have better crack growth response and stable actuation fatigue behavior, subsequent
annealing process was applied to new samples and the effect of annealing heat treatment
on the actuation fatigue and the crack growth behavior of equiatomic NisoTizoHf20 (at.%)

(HE-PN-AN) was investigated during actuation cycling.

Moreover, effect of actuation fatigue test parameters such as UCT and applied stress, and
effect of higher Hf content on crack growth and actuation fatigue behavior during
actuation fatigue cycling were investigated on (HE-PN-AN) NiTiHf HTSMAs.
Additionally, effect of creep on crack formation on NisoTi30Hf20 was investigated since
these alloys also work at very high temperatures. Lastly, fracture surfaces after failure of

each type of sample were also inspected with SEM images to observe fracture modes.

The data obtained from all the aforementioned experimental studies were evaluated and

presented in the relevant parts of this thesis.



2. THEORY AND LITERATURE

In this chapter, general theoretical background for shape memory alloys were provided
including martensitic transformation as well as two different effects observed in SMAs,
which are superelasticity and shape memory effect. The most intriguing SMAs were
classified and the brief information about them were summarized. Then, HTSMAs were
introduced and fatigue properties, actuation fatigue investigations and creep

investigations of these SMAs were finally reviewed.

2.1. Martensitic Transformation (MT)

Martensitic transformation (MT) is a diffusionless solid to solid phase transformation that
takes place by a coordinated shear motion of atoms via cooling the parent phase
(austenite) to martensite phase. This shear motion happens in a short distance like a

military type movement in contrast to long distance diffusion of atoms [14].

Due to the crystal structure difference between two phases, a macroscopic shape change
can occur with the transformation from the high temperature parent phase to the low
temperature martensite phase. Martensite phase has a lower symmetry than that of the
parent phase so many lattice variants can be formed from the same parent phase. Thus,
large strain being created around the martensite phase within the austenite phase could
lead to a shape change through MT. This large strain could be accommodated by two
mechanisms that are called as slip and twinning. Twinning is usually the strain relieve
mechanism of SMAs by generating twinned martensitic structure. While slip causes an
irreversible shape change through dislocation formation, twinning causes reversible shape
change by strain accommodation through generated twinned martensitic structures. Strain
accommodation or in other terms, the accommodation of shape change through MT by

slip and twinning formation is shown in Figure 2.1-1.
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Figure 2.1-1. (a) Schematic representation of shape change through phase transformation,
(b) strain accommodation by slip mechanism, (c¢) strain accommodation by twinning

mechanism [39]

The phase transformation from austenite to martensite is called as forward transformation
and martensite to austenite transformation is named as reverse transformation. These
stated transformations occur within a temperature range not at a single exact temperature.
When the material is in austenite phase and started to be cooled, the temperature at which
martensitic transformation starts is martensite start (M) temperature and at which the
forward transformation completes is called as martensite finish temperature (My). The
temperature at which the reverse transformation starts is called as austenite start (As)
temperature and the temperature at which the reverse transformation finishes such that
martensite completely transforms to austenite phase is called as austenite finish

temperature (Ar).



MTs are related with the crystal structure change (from cubic parent phase having higher
symmetry to a low temperature martensite phase having lower symmetry) but not the
composition change, thus it is important to present the thermodynamics of the
transformation with a schematic representation shown in Figure 2.1-2. Free energy

evolution of the phases with the temperature change is presented in this figure.

GP

AGr-m,
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T ——

Figure 2.1-2. Schematic representation of gibbs free energy curves [39]

While T, is thermodynamic equilibrium temperature at which the phase transformation
occurs, G, and G, are the gibbs free energy of martensite and gibbs free energy of parent
phase austenite. Gibbs free energy difference between austenite and martensite
determines the driving force for the martensite nucleation. The total gibbs free energy

change during the MT can be defined with the following Equation 1 [39]:

AG = AG, + AG, + AG, = AG, + AG,, (Equation 1)

AG.,AG; and AG, are defined as chemical free energy difference between two phases,

frictional energy term associated with the transforming interface between parent and



martensite phase, and elastic energy term that is stored around the martensite,
respectively. AG,,. is the non-chemical free energy, which is the summation of friction
energy and elastic energy. Thus, supercooling of AT is needed to overcome the resistance
to martensite nucleation since the non-cehmical free energy term is not zero and
superheating is required for the reverse transformation as well. In addition, due to elastic
energy around the martensite causes resistance against martensite growth, further

undercooling is needed to overcome this resistance. Thus, M and My are different

temperature values [39].

MTs can be categorized into two main groups as thermoelastic and non-thermoelastic
martensitic transformations. Thermoelastic transformation type has smaller temperature
hysteresis value since the interface between parent and martensite phase is highly mobile
during cooling and heating. Thus, transformation is crystallographically reversible with
smaller driving force for transformation where martensite returns to parent phase in the
original orientation. However, in non-thermoelastic transformation, the interface between
parent and martensite phase is immobile until martensite reaches some critical size, thus
driving force for transformation is higher and reverse transformation happens by
renucleation of parent phase. Martensitic transformations in SMAs are thermoelastic

transformations [39].

2.2. Shape Memory Effect (SME) and Superelasticity (SE)

SMAs show thermoelastic martensitic transformations and the shape changes during
transformation are accommodated by twinning mechanism. To accommodate the shape
change under no stress, martensite lattice correspondence variants are generated. These
twin related martensite correspondence variants accommodate the important part of the
strain due to change of lattice structure. Then, these twin related martensite variants come
together as several martensite habit planes. They decrease the remaining strain by
arranging themselves. Thus, there is nearly no shape change during martensitic
transformation and this is called as self-accommodated martensite. Additionally, when
there is an external stress applied, most favorable correspondence variant grows
depending on the applied stress magnitude and the direction at the expense of other

variants to accommodate the strain. This is defined as martensite reorientation and/or
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detwinning. Twinned martensite is detwinned with the application of stress and the
macroscopic shape change can be observed or measured via the formation of most

favorable martensite variant [14].

There are two special mechanisms of SMAs to induce MT via following different paths

such as Shape memory effect (SME) and Superelasticity (SE).

The path to follow on the Stress-Strain to obtain SME is shown in Figure 2.2-1. Material
in austenite phase under no stress (Point A) is cooled below martensite transformation
temperatures (M, My ) and twinned martensite occurs which does not produce a
macroscopic shape change (Point B). Then, external stress is applied to twinned
martensite and detwinning starts when the applied stress is larger than the stress necessary
to reorient the martensite (os). Detwinning via reorientation of martensite continues and
the detwinned martensite starts to elastically deform starting with the stress value of 1.
Detwinning process ends at the transformation finish stress level ( o7 ). Self-
accommodated martensite variants change into detwinned martensite which yields
macroscopic strain. Material keeps staying in detwinned martensite state when it is
unloaded elastically to Point D. Finally, material is heated back to As temperature to
transform to austenite phase (Point E) and shape change by detwinning has been
recovered when the temperature is reached to Ay temperature value and the

transformation is considered as completed (Point F).
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Figure 2.2-1. Schematic representation of SME mechanism on Stress - Strain (c-€) and

Temperature — Strain ( T — €) diagram with following stages (A-B-C-D—-E - F) [2]

However, in SE, which is also defined as pseudo-elasticity, transformation occurs by
external stress application to the material while it is kept in austenite phase at a constant

temperature as represented in Figure 2.2-2.
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Figure 2.2-2 Schematic representation of SE mechanism on Stress - Strain (c-¢) diagram

with following stages (A - B - C) [14]

By the application of external load at Point A, material that is in austenite starts to
elastically deform and then the austenite transforms to martensite with the increase in
stress. Detwinning takes place throughout the stress plateau and then detwinned
martensite may elastically deform up to Point B with the increase in the applied stress.
The martensite that is transformed from austenite at a constant temperature with the
application of stress is called as Stress Induced Martensite (SIM). After removal of stress,
material goes back to austenite phase and recovers the macroscopic strain generated by
loading. The alloy should be kept in austenite phase when the loading is started. This can
be possible by either heating the alloy directly to Ar temperature or the alloy can be heated
to Ar temperature and cooled back to temperature that should be higher than M;
temperature to make sure the alloy does not transform back to martensite. There is also
another temperature as M;, above which it is impossible to obtain stress induced
martensitic transformation, since slip formation occurs instead of twinning above that
temperature. Both SME and SE could be seen in the same material regarding the stress
and temperature range as shown in Figure 2.2-3. While the critical stress for slip line has

a negative slope critical stress to induce martensite line has a positive slope. It has been
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already known that the critical stress for slip decreases with the temperature increase. It
should be drawn from this graphic that, the stress necessary to induce martensite increases
as the temperature increases and there is a limitation for this temperature. When the
temperature is high enough it is not possible to induce stress instead the alloy starts to
plastically deform since the critical stress for slip becomes very low. The striped region
in the graphic defines the Superelasticity. If the stress is applied while the alloys is kept
above Ay, SIM takes place at a stress above the critical stress for inducing martensite. SIM
transforms back to austenite since martensite is unstable above Arwithout the application
of stress. There is a common area between As and Ar where shape memory and
superelastic behavior can appear together. When the stress is applied at a temperature that
is lower than As, martensite is kept as in deformed condition after unloading and the
shape change can be recovered via heating the alloy above Ar. In the region between As
and Ay, the alloy may contain austenite and martensite at the same time, so both
superelasticity and shape memory effect can be observed depending on state of stress and

temperature.

Stress ——

Temperature ——,

Figure 2.2-3. Schematic representation of conditions on SME and SE [39]
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In One-Way Shape Memory Effect (OWSME), SMA is deformed in martensite and then
heated to austenite to recover the shape change due to the deformation and cooled back
to martensite. The shape is retained after cooling to martensite. To observe OWSME, the
deforming, heating (to recover the shape change) and cooling to martensite is repeated.
There is also another type effect of SME in which the material remembers the shape of
both the parent and the martensite phases under some conditions. This effect is called as
Two-Way Shape Memory Effect (TWSME) and microstructural conditioning by creating
internal stress field is necessary to see this effect. Internal stress fields could be created
by applying plastic deformation [40,41], constrained aging [42], thermal cycling [42,43],
and martensite aging [44]. The stress fields, which are induced due to dislocations and
precipitates, lead to the formation of certain martensite variants, therefore the alloy starts
to form these variants to remember the shape after cooling that is obtained with the
deformation of martensite. As a summary, the alloy remembers not only the shape at high

temperature but also the shape at low temperature.

2.3. Applications of SMAs

SMAs are used in many industries due to its special properties. They can recover their
shape change by phase transformation between martensite phase and austenite phase
which can be triggered by mechanical loading and/or heating/cooling. Shape change
under applied load can be recovered by heating over a certain temperature. They can
achieve high amount of work per volume against the biased load due to large recovery
strain magnitudes occurred under higher loads [1,2]. Additionally, they could perform the
same function in the actuation system with more compact simplified design and fewer
parts instead of using several components. Using fewer components leads to reduce

maintenance costs of the system in addition to the reduction of the system weight [3,4].

They are used in several industries as impact absorption components, constraining
components and actuators. There are many applications in automotive and transportation,

biomedical, civil and aerospace industries [5—10].

15



There is an example for the application of SMAs in Mercedes A class car as a sensor with
their actuation function in transmission system. SMA spring detects the temperature and
actuates a valve to change the oil flow direction when temperature comes to a specific
value. Additionally, there is a similar type of application Shinkansen bullet train’s
gearbox, where SMA spring actuates a thermostatic mixing valve to adjust the oil level

in the gearbox via detecting the temperature [2,11].

Cardiovascular stents and filters, minimally invasive surgery devices, orthodontic braces
and wires are several usages of SMAs in biomedical applications due to their superelastic
properties [2]. There are also several civil industry applications to control the seismic
response of a building, bridge or offshore platform. They are used as brace and/or washer
spring type SMA components during earthquakes by their energy dissipation capability
through large hysteresis with loading and unloading [7,8,12].

In aerospace industry, there are tough regulations worldwide on engine noise levels of the
aircraft during landing and takeoff. Thus, chevron type components are integrated to
engines to mix the exhaust gas flow and reduce the engine noise. There are SMA beams
inside these chevrons which increases the mixing thereby reducing noise at low-speed or
low-altitude flights. Additionally, they straighten the chevron and increase the
performance of the engine since SMA beam components go into martensite due to cooling
at high-speed or high-altitude flights. NiTi SMA beams have been utilized in Boeing 777
Variable chevron geometry to active control of the noise reduction [2,10]. There is
another application where SMAs are used for satellites as low-shock release mechanism
since gradual heating based slow actuation makes them more convenient [45]. Torque
tube or beam plate forms of SMAs are usually used as actuation components to replace

heavy weight pneumatics or DC motors in aerospace industry [4,10].

In applications of many industries, NiTi SMAs are most widely used and studied alloys

among SMAs due to their outstanding mechanical and shape memory properties.
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2.4. NiTi Based Shape Memory Alloys

SMA was first reported by Arme Olander for Au-Cd alloy [46]. However, Equiatomic
binary NiTi alloy showing SME was discovered at the U.S. Naval Ordinance Laboratory
[47] and this discovery has a great impact on the use of these SMAs in real conditions as
an active material. After that discovery, there have been several studies and commercial

use of these alloys in different type of applications [5,6,8,10].

NiTi is the most widely commercially used and studied SMA due to its superior behaviors
such as high ductility, strength, workability, biological compatibility, and resistance to
corrosion [2,13,14]. Also, NiTi is appropriate for a variety of applications since it shows

relatively higher SE, SME and TWSME under proper conditions [2].

A phase diagram of NiTi alloys created by Massalski was shown in Figure 2.4-1 [48].
NiTi could be decomposed into Ti2Ni on the titanium-rich side and TiNi3 on nickel-rich

side.
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Figure 2.4-1. Phase diagram on NiTi by Massalski [48]
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The alloy composition and thermomechanical treatments have significant impact on the
transformation temperature (TT) values of the NiTi. If Nickel content in the matrix
increases, it causes a decrease in TT values. Ni4Ti3 precipitate could be formed by aging
treatment in Ni-rich NiTi alloys. However, precipitates can not be formed by aging
treatments in near equiatomic NiTi alloys [49]. NisTi; precipitates formed in Ni-rich
alloys leads to the loss of Ni from the matrix which results to observe higher TT value.
However, in Ti-rich alloys, Ti2Ni precipitates can be formed by aging treatment and these
precipitates do not affect TTs, since Ti2Ni precipitates keeps the Ni content of the matrix
at equilibrium state. Additionally, TioNi precipitates are generally observed in oxide

forms (Ti2NiO types) which are detrimental to the ductility of the alloys.

NiTi alloys exhibit SE and SME behaviors between austenite phase with B2 (cubic)
crystal structure and martensite phase with B19” (monoclinic) crystal structure. MT could
also occur in multiple steps after running thermal cycles, thermomechanical treatments
that are applied to near equiatomic NiTi alloys and aging treatment to Ni-rich NiTi alloys.
This multistage transformation could happen from B2 to R-phase followed by R-phase to
B19’ [50]. NiTi alloys prefer this multistep transformation to decrease the energy that is

necessary for the direct transformation of B2 parent phase to B19” martensite phase.

To strengthen the alloys, some methods to increase the critical stress for slip formation
(CSS) could be used such as work/strain hardening by increasing dislocation density

and/or refining grains, and precipitation hardening.

Strengthening of SMAs could be achieved via work hardening by applying cold rolling,
extrusion, and thermomechanical treatments through increasing the dislocation density or
refining the grains. Some of these work hardening processes are also helpful to induce
texture to the alloys which leads to improve the mechanical and/or shape memory
properties of the alloys as well [51,52]. There have been many studies regarding the
strengthening of these alloys and improving their properties. Some of the studies are

mentioned in the following paragraph.
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Miller et al. investigated the effect of cold rolling (CR) and annealing temperature on the
transformation behavior of equiatomic NiTi alloys [53]. They showed that, when the CR
level increases, stress level to induce plastic deformation increases as well as decrease the
plastic strain created during thermal and/or thermomechanical cycling. Also,
Adharapurapu et al. [54] investigated the strengthening behavior of Ni-rich (NissTi1) alloy
upon aging. They found that the precipitation formation led to a significant improvement
of the strength but to an embrittlement and low ductility. In addition to these studies,
Saburi et al. [55] showed that the reducing the grain size is effective on improving the
pseudoelastic performance. Increase in dislocation density or a decrease in grain size with
the deformation processes cause an increase in the strength of the alloy. Therefore, the
plastic deformation during phase transformation would be inhibited. However, it is worth
to note that, deformation induced dislocations also decreases the mobility of the
martensite-austenite phase since they act as pinning structures [56,57]. As the volume of

the transformed phase decreases the actuation capability of the alloy decreases as well.

2.5. High Temperature Shape Memory Alloys (HTSMASs)

NiTi SMAs have several types of applications and one of the most extensively studied
type of SMAs due to their special properties as mentioned in the previous section.

However, they have limited transformation temperature below 100°C (<100°C).

SMA developments are mainly concentrated on applications with operating temperatures
below 100°C due to the commercial applications of these alloys in the industries over the
last decades. However, there is a trend using these alloys in envisioned applications of
energy and aerospace industries which need SMAs operating at higher temperature values
with stable material properties. Thus, there is a requirement for developing robust SMAs
which could work at higher temperatures without losing their actuation capability and
strength. This group of materials are called as High Temperature Shape Memory Alloys
(HTSMA:s).

The first study on the literature was reported by Donkersloot et al. on MTs of Au-Ti, Pd-
Ti and Pt-Ti alloys which have very high TTs [58]. It is shown in this study that MT of
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Ti-Pt occurred around 1,070°C. There are also binary alloys showing higher TTs as Ru-
based binary Ta-Ru and Nb-Ru alloys which exhibit TTs up to around 1,400°C and
1,000°C respectively [59,60]. Although these binary alloys have very high TTs their

actuation and work output capacities are considerably low.

In addition to mentioned binary HTSMAs, there are ternary HTSMAs. TTs of these
SMAs are increased by alloying with ternary element addition to NiTi binary alloy. Au,
Pd, Pt, Zr, Hf are used as ternary additional alloying elements in NiTi binary systems.

There is a study on TiNiAu alloys regarding the effect of Au addition to binary TiNi
alloys. It is found that 40-50 at.% Au addition to NiTi showed transformation from B2 to
orthorhombic B19 martensite as in binary NiTi. However, with 5-10 at.% of Au addition,
transformation formed between B2 to B19° monoclinic structure. TTs for TisoNijoAu4o

and binary TisoAuso were shown around 470°C and 640°C respectively [61].

Furthermore, in the Pt addition as a ternary element, addition of more than 10 at.% Pt
linearly elevates TTs. In contrast, TTs decrease while addition of Pt is below 10 at.% Pt
[62]. It is shown that, MT happens from B2 to orthorhombic B19 martensite when Pt
addition is around 30 at.% Pt. It is also important to note that R-phase was found in

TisoNizoPt20 as an intermediate phase between B2 to B19” [63].

Adding Pd to NiTi binary alloy is more effective than Pt addition in increasing TTs [63].
Less than 10 at.% of Pd addition to NiTi decreases TTs as in the case of Pt addition. MT
happens between B2 to B19” monoclinic structure in this condition. It is shown that R-
phase was also found in TisoNissPts during MT [63]. Pd addition has similarities with Pt
addition. Adding more than 10 at.% of Pd increase the TTs and MT happens through B2

to orthorhombic B19 martensite transformation.

NiTiPd alloys have poor shape memory behavior at relatively higher temperatures since
the CSS decreases noticeably with increasing temperature. Thus, plastic deformation

could occur under lower loads during phase transformation before martensite
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reorientation. Basically, NiTiPd alloys starts yielding before the reorientation of

martensite [1].

Among the above-mentioned elements as ternary additions to NiTi alloys, addition of Zr
and Hf seems to be the most promising with respect to their cost advantages compared to
Au, Pd and Pt alloys. Additionally, because of their success in altering TTs, they might

be utilized in lower quantities with relatively higher effect on TTs [14].

NiTiHf and NiTiZr have similarities in their properties. MT occurs through the
transformation of ordered cubic austenite (B2) phase and monoclinic martensite (B19")
phase in NiTiZr and NiTiHf alloys [4]. Also, TTs of the alloys increase when higher than
10 at.% Hf or 10 at.% Zr elements are added to binary NiTi [4]. However, Hf is the most

preferred ternary element since it is more effective in increasing TTs [4,13,15].

There are many studies in the literature investigating Ni-rich NiTiHf HTSMAs since they
possibly contain precipitates leading to better mechanical and thermal stability. The
precipitation formation could be achievable by aging heat treatment in Ni-rich HTSMAs
which has Ni at.% of more than 50 in the matrix. These precipitates are named as H-phase
precipitates [16,17]. Aging process results an increase of TTs due to reduction in the Ni

content of the matrix [14].

Saghaian et al. [64] investigated different types of aging effect on the microstructure of
Ni-rich Nis12Tizg sHf20 by testing the aged samples under compression. They found that
the H-phase precipitate size is significant in strength and MT of the material. Aging
treatment at relatively low temperatures (<500°C) led to the formation of smaller
precipitates (<15nm) and lower interparticle distances, which improved the strength of
the material since they could act as obstacles against dislocation motion. Also,
Karaca et al. [16] worked with Ni-rich polycrystalline Niso3Ti20.7Hf20 alloys and
investigated the effects of various heat treatments to shape memory properties. They
showed that aging treatment could be used to change precipitate size which directly affect

the mechanical and shape memory properties. In their study, they applied various aging
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temperatures with various aging time durations. They found that aging at 550°C for 3
hours provided better shape memory and mechanical properties compared to aging at
650°C for 3 hours. In addition to aging effect studies, Umale et al. [65] worked on the
effect of composition variation on MT of NiTiHf alloys through investigation of NiTiHf
alloys produced with different chemical compositions. They showed that wide range of
TT (Ms) (ranging from -170°C to 500°C) could be obtained by varying composition of
Ni and Hf content. Additionally, they also stated that Hf addition lower than 10 at.% did

not result a significant increase in the TT of the alloy.

Compared to Ni-rich NiTiHf, equiatomic NiTiHf alloys with 20 at.% or higher Hf content
exhibit higher TTs than that of Ni-rich NiTiHf alloys. Therefore, equiatomic NiTiHf
alloys are also good alternatives especially for high temperature applications [18-22].
However, there are limited number of studies with equiatomic NiTiHf alloys. It is worth
to note that Hf takes the positions of Ti atoms since they have similar sizes. Therefore,
the at.% of Ni is approximately 50 and the at.% of Ti+Hf is also 50. This is the reason
why the alloys having 50 at.% Ni and 50 at.% (Ti+Hf) are named as equiatomic in this
study.

Babacan et al. [20] have investigations on the effects of cold and warm rolling process
to shape memory properties of NisoTizoHf2 alloys. It is shown in their work that the
optimum thermomechanical treatment condition for achieving the highest shape
recoverability was %15 cold rolling process followed by annealing process. Additionally,
Akgul et al. [21] conducted a study in which they worked with NisoTizoHf20 alloy to
investigate cooling rate effect on shape memory characteristics. They found that the TTs
of the samples are independent on differences of cooling rate. Other studies using
equiatomic NiTiHf is briefly mentioned in the next chapter since they are related to

fatigue behavior of these materials.

2.6. Fatigue of HTSMASs

Fatigue is a failure mechanism causes serious catastrophic problems to components under

repetitive load application. There had been severe failures due to fatigue that were
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reported in the 19™ century, and the mechanism of these failures was not known-well in
the early history of the materials science since the failure could not be observed when
happening and it had occurred suddenly without warning. Thus, it was an important

technical problem people need to have awareness of.

First valuable research regarding fatigue was made by Wohler in which he saw that a
single load below the yield strength of material could damage the structure when it was
repeated many times. In 20th century, it was recognized that a fatigue mechanism starts
with a nucleation of crack in the material, then a crack growth stage occurs and is followed

by sudden failure by fracture at the end [66].

In typical engineering materials, structural fatigue is due to dislocation accumulation
leading to start crack formation. Formed cracks propagate in the fatigue crack growth
period, then the fatigue failure occurs by fracture at the end. This happens when the
material is subjected to cyclic load. However, there is another type of fatigue behavior
that should be considered in SMAs. Rather than cyclic load change as in typical structural
fatigue, repetitive phase transformation under constant load which takes place by heating-
cooling cycles and/or repetitive phase transformation which takes place by loading and

unloading are two main mechanisms in investigating the fatigue of SMAs [23].

If the fatigue that occurs in SMAs causes deterioration of the functional properties it is
defined as functional fatigue. There are two types of functional fatigue when the
activating mechanism for phase transformation is considered such as pseudoelastic

fatigue and actuation fatigue [23].

Pseudoelastic fatigue is also called as isothermal fatigue that is caused by stress induced
phase transformation by cyclic mechanical loading at constant temperature. However,
actuation fatigue occurs by performing heating-cooling cycles under constant mechanical
load [23].The fatigue studies are mostly focused on pseudoelastic fatigue of NiTi binary
SMA on the contrary to actuation fatigue [24—28]. It is important to state that, conducting
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thermal cycles on HTSMAs is pretty difficult since the heating-cooling cycles should be

conducted at very high temperatures.

Experimental investigations regarding actuation fatigue are only in few numbers in the
literature. There are studies in the literature investigating the testing parameters on
actuation fatigue such as Upper Cycle Temperature (UCT) effect [18] and applied load
level [29]. UCT is the upper limit temperature to which the samples are heated to observe
the full austenite transformation in actuation fatigue experiments. UCT can be set to a
temperature a little higher than Artemperature of the alloy or can be set relatively higher
than Ar of the alloy. There are some studies as well regarding the effect of heat treatment
on the shape memory properties of the alloy [22], the evolution of microstructural damage
during actuation fatigue [23] and, corrosive environment effect on actuation fatigue

properties [30].

In the work of Karakoc et al. [18], they investigated the UCT effect on the fatigue life and
actuation strain in nano-precipitation hardened Niso3Ti297Hf20 (at.%) alloy. 300°C and
350°C UCTs were used and the samples were kept under 300 MPa constant load in the
work and they found that the difference between the strain values at martensite and
austenite which has been called as actuation value was increased with increasing UCT
level. Additionally, they showed the fatigue life was decreased with increased UCT value

in stated conditions.

Also, Karakoc et al. [29] had a work on the effect of stress magnitude on functional
fatigue (actuation fatigue) behavior of the same alloy. Different stress levels (200 MPa,
300 MPa, 400 MPa and 500 MPa) were applied to Niso3Ti29.7Hf20 (at.%) alloys which
were aged at 550°C for 3h. They showed that the actuation value was increased with
increasing stress level. However, actuation strain value was decreased by the increased

number of cycles due to generated dislocations for all levels of stress application.

In a different study by Akin et al. [22], the effect of additional heat treatment on cyclic

stability and fatigue properties of NisoTizoHf20 alloy was investigated via running
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functional fatigue cycles. Samples were initially in hot extruded form and the hot extruded
sample was later annealed at 550°C for 3 hours. They found that the post annealing
process eliminated the deformation variations and internal stresses induced by hot
extrusion process and led to obtain very consistent and similar shape memory properties.
Additionally, the all actuation properties such as actuation strain magnitudes, and TTs
became more stable and the fatigue life increased after annealing heat treatment and

surface polishing.

Determining fatigue behavior is important since SMAs are used as actuators which are
produced to work under cyclic loads. Fatigue crack growth investigations with phase
transformation induced by heating-cooling under constant load are limited in literature
especially for NiTiHf HTSMAs. It is hard to determine fatigue crack growth behaviour
during actuation application since the approaches of fatigue crack growth based on
developed models and theories for structural metals with showing no phase

transformation [31].

There are total-life (safe-life) design approach (TLA) and damage-tolerant design
approach (DTA) to investigate the fatigue. There is an already initiated crack in a structure
of DTA design and its resistance to crack growth with cyclic loading is being considered.
However, total-life approach is based on an initial flawless part assumption. There have
been relatively more studies in the literature on TLA design due to the fact that small-
sized SMAs are used in the commercial market such as NiTi implants. In small sized
components, failure occurs at a short time after crack nucleates. Thus, preventing crack
nucleation is more significant than controlling the crack growth in biomedical

applications considering the TLA approach [32].

DTA is more proper to use when the part is large enough to keep the functionality and
crack growth stable, in the presence of defects during the service period of the
parts/components. Therefore, it is more proper to apply this approach to SMA actuators
while investigating the crack growth since they usually work under constant loads as
functional materials. However, application of DTA on SMAs is different and more

difficult than that of conventional metals due to the fact that reversible phase
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transformation, martensite reorientation and thermomechanical coupling are main points

of consideration in crack growth investigations in SMAs [32,33].

There are limited number of studies working experimentally on crack growth during

actuation fatigue.

By using NiTi alloys in wire form, Ramaiah et al. [36] conducted actuation fatigue
experiments under load. They showed that many surface cracks initiated by thermal
cycling followed by simultaneous crack propagation of these cracks inward the material
did not lead to fracture alone. They found that crack generation at the core of the material
is highly important in fracture and crack generation at the core was occurred by strain
inhomogeneity in the core of the wire due to temperature gradient appeared across the

wire section during thermal cycles.

Iliopoulos conducted experiments on actuation cycling under load with double notched
NigoTis0 (at.%) specimens. They found that fracture occurs due to unstable crack
propagation during cooling mostly occurred in the first cooling cycle [37]. Jape et al. [38]
had experiments on actuation cycling of pre-notched Niao sTis0.5 (at. %) compact tension

specimens (CT) and showed that crack grows during cooling.

Kockar’s group [67] worked on crack growth behavior during actuation cycling under
constant load in pre-notched NisoTiz0Hf20 (at. %) samples. They investigated the crack
growth and shape memory properties of two groups of samples. First group was as hot-
extruded samples and the second group was hot extruded and then post annealed samples
at 550°C temperature for 3 hours. They investigated the effect of annealing heat treatment
on the crack growth behavior of pre-notched NisoTiz0Hf20 (at.%) HTSMA during
actuation fatigue and showed that the growth rates of the major crack in annealed samples
were lower and it was relatively easier to create new minor side crack formations in

annealed samples with spending less energy.
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2.7. Creep

Creep behavior of materials classically related to time-dependent plasticity due to a fixed

stress at elevated temperature values.

Creep occurs in three stages under constant stress as primary creep - stage 1, secondary
. L . d
creep - stage 2 and tertiary creep - stage 3. As in primary creep stage, creep rate (€ = d—i)

is changing and decreasing by time. In secondary creep stage, creep rate becomes steady.
Then, creep rate accelerates eventually due to cracking and lead to fracture in tertiary
stage [68]. In stage 1, the dislocation formation rate is higher than that of the dislocation
annihilation rate, therefore, the material is strain hardening. In stage 2, the rate of

dislocation formation and annihilation becomes same, thus the creep rate becomes steady.

T>05Th
c = constant = ogs

Figure 2.7-1. Schematic of a true strain vs time curve in metals under constant stress [68]

In SMAs as actuators, actuation fatigue experiments conducted between UCT and LCT

under constant load. During the tests, actuation strain values decrease and accumulated
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irrecoverable strain values increase over the cycles. However, higher UCT leads to an
increase in actuation strain as well as accumulated irrecoverable strain values. The
increase in actuation strain is due to the increase in the transforming volume with the
increase in UCT and the increase in accumulated irrecoverable strain might be due to the
dislocation formation by plastic deformation via phase transformation and/or creep-based

plasticity over the cycles due to higher temperature values.

There are very limited number of studies in the literature about the creep behavior of NiTi
SMAs and NiTi based ternary HTSMAs. In those few studies, creep experiments under
different constant load magnitudes and different temperature levels with NiTi alloys were
done. Firstly, Mukherjee studied creep behavior of NiTi alloys with constant strain-rate
tests at 6 different temperatures which were between 700-1,000°C [69]. They calculated
the stress exponent as 3 and activation energy value as 251.4 kJ/mol. They found that the
stress exponent showed viscous creep deformation which was temperature independent

in addition to calculated activation energy was not stress dependent.

Then, Lexcellent et al. [34] had creep experiments with NiTi and measured the strain rates
at 600-900°C temperature levels under constant tensile load between 10-35 MPa. They
found stress exponent as 3 and activation energy as 226 kJ/mol that agreed with the values
obtained by Mukherjee et al. However, they compared the calculated activation energy
value with Ni tracer-diffusion value which was found as 155 kJ/mol before in the
literature [70]. By comparing the value, they concluded that Ti was the slower diffusing

component with higher activation energy.

Oppenheimer et al. [71] worked at higher temperature levels (950-1,100°C) with near-
equiatomic NiTi under low stress magnitudes (3-11 MPa) with compression load to
measure the creep rates. They found the stress exponent and activation energy as 2.7 and
150 kJ/mol, respectively. They concluded the difference on these values with previous
studies might be due to some variables affecting creep such as compression/tension
asymmetry, precipitate and texture presence. Additionally, Kumar et al. [72] worked with
Tis0.5sPd30Ni195 (at.%) alloy under 100-300 MPa constant stress at (300-400°C)

temperature to calculate creep parameters. They investigated the effect of heating rate to
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the creep rate of the alloy and found that as the heating rate increased the creep rate
increased noticeably. However, they just worked on the heating rate effect. Also,
Chaugule et al. [73] used Niso.sTi30.6Hf19.2 (at.%) alloy to investigate creep plasticity and
transformation induced plasticity (TRIP). They worked on both constant load creep
experiments and thermal cycling experiments under constant load with different heating-
cooling rates. They found that the creep viscoplasticity was considerably lower than that

of TRIP at actuation fatigue experiments.

Tugrul et al. [35] worked with NisoTi2sHf2s (at.%) alloys to investigate creep deformation
under tensile loads at different temperature levels (450°C - 550°C - 600°C) under
different tensile stress magnitudes (200 MPa to 500 MPa). They showed that there was
almost no creep strain occurred at 550°C and 600°C temperature under 200 MPa and 300
MPa strain level. Also, they showed that no primary creep formation occurred on
annealed NisoTi2sHf>s (at.%) samples creep tested with 600°C. In addition to those stated
works regarding the creep deformation under NiTi based and NiTi ternary HTSMAs,
there is no work regarding the crack formation and crack propagation during creep in

NiTiHf HTSMAs.
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3. EXPERIMENTAL METHODS

3.1. As-received material

The production details of the alloys that were used in this study were explained below in
this chapter. It is important to mention that the percentages of the elements have been
given in atomic weight percentages (at.%) throughout the text of this thesis.
NisoTizoHf20 (at.%) and NisoTi2sHf>s (at.%) HTSMAs were used to investigate the crack
growth behavior of NiTiHf alloys.

These two alloys were produced by melting high purity elemental materials of Nickel,
Titanium and Hafnium via purging high purity argon atmosphere and casting with
utilizing vacuum induction melting (VIM) method. After VIM process, the cast ingot was
sealed in a mild steel can, to reduce the friction between the extrusion die and the material
surface and to inhibit the severe oxidation during the hot extrusion process. Then, the cast
ingot was hot extruded at 900°C into a rod as shown in Figure 3.1-1 (a) with an area
reduction of 4:1. Hot extruded rod was machined via utilizing a lathe to remove the cast
layer (Figure 3.1-1 (b)). The rod was sliced into dog-bone shaped samples as presented
in Figure 3.1-1 (¢) via using Agie Charmilles CUT 300 Wire EDM that was presented in
Figure 3.1-1 (d).

Figure 3.1-1 (a) Hot-extruded NisoTizoHf20 (at. %) HTSMA bar, (b) machined bar,
(c) Sliced pieces by Wire EDM, (d) Wire EDM machine
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3.2. Sample Preparation

Dog-bone shaped Single Edge Notch Test (SENT) samples were tested in actuation
fatigue experiments. Dimension of the sample was determined according to ASTM ES8
and scaled down into a smaller size proportionally since it is difficult to find and produce
these shape memory alloys in large volumes due to the very high prices of the each
material. SENT samples were cut from hot extruded material into samples of 1 mm
thickness with a gage length of 16.6 mm and width of 2.25 mm. Then, a notch was formed
with a 0.40 mm width and 0.30 mm depth which was perpendicular to the test loading
direction (stated as lateral axis (X) in Figure 3.2-1). The sample dimensions were drawn

as shown in Figure 3.2-1.
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Figure 3.2-1. Representation of sample and pre-notch dimensions [67]

Wire electrical discharge machine (Wire EDM) was operated on sample cutting and notch
forming to minimize the residual stresses on the cutting surface occurred during the

Pprocess.
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Actuation Fatigue experiment test samples of NisoTizoHf2o (at.%) alloys were separated
into three groups such as as-extruded, as extruded and pre-notched, and as extruded, pre-
notched and annealed samples. Hot extruded sample, hot extruded pre-notched samples
and hot extruded, annealed and pre-notched samples were coded as “HE”, “HE-PN” and
“HE-PN-AN”, respectively throughout the text. Additionally, since NisoTi2sHf>s (at.%)
alloy was annealed before the experiments HE-PN-AN code was also used for

NisoTi2sHf2s (at.%) as well.

Annealing process was applied on HE-PN-AN samples by using a vertical cylindrical
furnace as shown in Figure 3.2-2. The sample was wrapped with tantalum foil to prevent
potential severe oxidation during the process, and then it was annealed at 550°C for

3 hours under high purity argon atmosphere in the furnace.
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Figure 3.2-2. Vertical cylindrical furnace

The annealing process and temperature were chosen by considering the studies by our
research group since 550°C corresponds to approximately 0.5 Tmelting Of the alloy which is
reasonable to overcome the deformation variation and to relieve the irregular internal
stress which might possibly induced during extrusion. Akin et al. worked on NisoTi30Hf20
(at.%) alloy and stabilized actuation properties, similar TTs and increased fatigue life

were observed after the application of annealing process at 550°C for 3 hours [22].
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Grinding process was done to sample surfaces with 600-800-1,000 and 1,200 grit sized
grinding papers before conducting experiments to eliminate Wire EDM based residual
layers and micro cracks as much as possible.

Before actuation fatigue experiments, there is a need to determine the transformation
temperatures of the sample since the actuation cycling will be done regarding the TTs.
“Perkin Elmer 8000 differential Scanning Calorimeter (DSC) has been used under no
load condition to determine the transformation temperature and enthalpy values for the

same batch of NisoTi30Hf20 (at.%) and NisoTi2sHf2s (at.%) alloys.

3.3. Actuation Fatigue Test set-up and Applied Tests

Actuation fatigue experiments were performed by using actuation fatigue test set-up.
Heating-cooling cycles have been run under constant load condition by hanging dead
weights to the bottom grip of the set-up. In the beginning of the experiments, it has been
aimed to apply 200 MPa stress magnitude. Therefore, constant load magnitudes were kept
between 440 N — 468 N regarding the cross section of the sample. It is worth mentioning
that, there were very small variations in load magnitudes regarding the gage section
dimension of the samples. In addition to 200 MPa initial constant load condition,
300 MPa stress magnitude which refers to 654 N was applied to HE-PN-AN coded
NisoTi30Hf20 (at.%) sample.

Actuation fatigue experiment test set-up and representation of schematic diagram are

shown in Figure 3.3-1 (a) and Figure 3.3-1 (b), respectively.
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Figure 3.3-1 (a) Actuation fatigue experiment test set-up, (b) schematic diagram [74]
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While heating of the sample was done by Joule Heating in which current passes through
the sample, cooling was occurred by conventional open-air cooling. Cooling-heating rate

of the samples was kept constant as 15°C/s during heating-cooling cycles.

Displacement measurements during heating-cooling cycles were made with a linear
potentiometric displacement sensor (LPDS) which is mounted to the bottom grip of the
test set-up. An infrared pyrometer (Optris Ct Laser LTF-CF1) was fixed at a position
where it had focused on to the middle of the sample closer to the notch. Temperature
value of the test sample was determined by converting the measured value by using
thermal emissivity value which must be known while using infrared pyrometer. However,
NiTiHf thermal emissivity value is not known. Therefore, high temperature resistant
black paint (MOTIP Heat resistant paint) was sprayed onto the sample measurement area
to measure the temperature accurately during actuation fatigue tests since its thermal

emissivity value was known as 0.95.

National Instruments USB-6003 data logger was used to record the displacement and

temperature data during test cycles.

Highest temperature value set to heat the samples during heating-cooling cycle and the
lowest temperature value set to cool the samples are called as upper cycle temperature
(UCT) and lower cycle temperature (LCT), respectively. The UCT, LCT and cooling-
heating rate parameters were set in the Labview Software which controls all these test

parameters during the actuation fatigue experiments.

UCT and LCT set temperature values for samples were determined as 440°C, 150°C
respectively via considering the TTs that were measured by using DSC. In addition to
these tests, to see the effect of higher UCT on actuation fatigue, another NisoTizoHf20
(at.%) sample in HE-PN-AN condition was tested for UCT and LCT values of 600°C and
150°C, respectively. Additionally, HE-PN-AN coded NisoTi2sHf>s (at.%) sample was
tested at higher UCT and LCT values which were pre-set as 600°C and 200°C,
respectively. Table 3.3-1 represents the sample types and the corresponding sample

numbers together with the testing parameters.

34



Table 3.3-1. Actuation Fatigue Test Sample Types and Testing Parameters

Sample Sample
Sample Type Testing Parameters
Groups Numbers
NisoTizoHf2 (at.%)
HE initial constant load refers to 200 MPa
1 Sample 1
(Without pre-notch) UCT — LCT: 440°C — 150°C
15°C/s heating-cooling rate
NisoT130Hf>0 (at.%),
Sample 2
initial constant load refers to 200 MPa
2 HE-PN Sample 3
UCT - LCT: 440°C - 150°C
Sample 4
15°C/s heating-cooling rate
NisoTizoHf0 (at.%)
Sample 5 initial constant load refers to 200 MPa
3 HE-PN-AN
Sample 6 UCT - LCT: 440°C - 150°C
15°C/s heating-cooling rate
NisoTizoHf20 (at.%)
initial constant load refers to 200 MPa
4 HE-PN-AN Sample 7
UCT - LCT: 600°C — 150°C
15°C/s heating-cooling rate
NisoTizoHf20 (at.%)
initial constant load refers to 300 MPa
5 HE-PN-AN Sample 8
UCT - LCT: 440°C — 150°C
15°C/s heating-cooling rate
NisoTisHfs (at.%)
initial constant load refers to 200 MPa
6 HE-PN-AN Sample 9

UCT - LCT: 600°C —200°C

15°C/s heating-cooling rate
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In actuation fatigue experiments, multiple sequential cycles were included. Strain vs
Temperature curve that is drawn for one heating-cooling cycle fatigue experiment was
schematically shown in Figure 3.3-2. Actuation fatigue-shape memory properties were

determined from these curves as explained in the following paragraph.
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Figure 3.3-2 A schematic curve of an actuation fatigue (heating-cooling) test cycle under
constant load and determining the values as TTs, actuation strain, irrecoverable strain and

thermal hysteresis [18]

In the beginning of the tests, sample was heated to UCT to keep it in the austenitic phase,
then dead weight was loaded. Thus, the starting temperature point of the experiment was
UCT at lower strain value. After that, cooling-heating cycles were done between UCT to
LCT values with a certain heating-cooling rate which was 15°C/s during the tests.
Austenite strain and martensite strain were defined as strain value at austenite phase and
strain value at martensite phase respectively. Actuation strain value was defined as strain
difference between austenite strain and martensite strain. Functioning property of the
SMAs and work being produced against the loaded dead weights were presented by the

actuation strain value.
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The difference between the starting strain and finishing strain at UCT in a cycle, is called
as Irrecoverable Strain which corresponds to remained shape change. The accumulation
of irrecoverable strain from each heating-cooling cycle was stated as austenite strain up
to given cycle. Additionally, TT values and thermal hysteresis values were extracted from

the representing points as shown in Figure 3.3-2 at each representing cycle.

During the actuation fatigue experiments, the experiment was stopped to detach the
sample from the set-up at each determined intermittent cycle and optical micrographs
were taken to show the rate of crack propagation. However, since there was no lifting and
loading/unloading mechanism in test set-up, sample would have been exposed to elevated
temperatures for long time until loading/unloading was finished. Besides, manual loading
of weights is pretty hard to do alone and takes longer times. Therefore, a lifting
mechanism was designed, produced and integrated to test set-up. Mechanism consisted
of main components such as welded main lifting body with guide shafts and wheels, lift

plate with bushings and hydraulic jack as shown in Figure 3.3-3.

Weight Hanger

)
Lift Plate|

Main Lifting Frame'

Hydraulic Jack

Figure 3.3-3 Additional lifting mechanism integrated to test setup

Additionally, new type of weight hanger was designed and produced to have more space
for placing the weights easily and to be able to load the samples with higher magnitude
loads as shown in the same figure. Hanger that has the triangle form was produced to put

more weights in between two similar hangers. Length adjustable chains with hooks were
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adapted instead of ropes which led to have more rigid and distance adjustable weight

hangers.

Former type of hanger Current type of hanger

Figure 3.3-4. Former type of weight hanger and current type of weight hanger after test

set-up improvement

The weights drop down after the failure of the samples and this causes bending of the
lower grip, which could directly affect the testing stability, as represented in
Figure 3.3-5. Crane lifting slings were integrated to experimental setup to cope with this
problem. In this way, lower grip could be caught by those slings without being deformed

when dropped after fracture.

Figure 3.3-5. Integrated lifting slings in test set-up to catch the dropping lower grip and
weight hanger
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In addition to actuation fatigue experiments, creep experiments were conducted on
HE-PN-AN NisoTizoHfo (at.%) samples with the same actuation fatigue test set-up.
Experiments were done under 3 different initial constant loading conditions such as
654 N, 890 N and 1087 N that correspond to 300 MPa, 400 MPa and 500 MPa stress

magnitudes, respectively.

Creep experiments were set to be performed at 600°C that was used as UCT in actuation
fatigue experiment which is approximately equal to half of melting temperature value in
NisoTiz0Hf20 (at.%). Also, in a work investigated by our lab group, creep behavior of an
equiatomic NisoTi2sHf2s (at.%) were investigated at different temperatures and it was seen
that these alloys didn’t show noticeable creep strain at temperatures below 600°C [35].
Surface cracks during the creep tests were also investigated at intermittent cycles by using

optical microscope.

3.4. Optical Microscope Analysis and Fracture Surface SEM Images

Nikon Eclipse LV 150 optical microscope that is shown in Figure 3.4-1 was used to
observe and investigate the cracks, pre-notch and surface of the sample. Optical images
were taken using microscope and then dimension measurements of crack and pre-notch
were done using Clemex Vision Lite software that is cooperated with the microscope
before tests, after each intermittent cycles and after failure. Additionally, during the
intermittent cycles of creep experiments surface images were taken by optical

microscope.
In addition to optical microscope analysis, fracture surfaces of some failed samples from

each testing condition were investigated by using SEM Phenom — XL SEM to reveal the

fracture modes of the samples.
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Figure 3.4-1. Nikon Eclipse LV 150 optical microscope

3.5. Stress Intensity Factor (SIF) calculation

After intermittent heating-cooling actuation cycles, crack lengths were measured using
Clemex Vision Lite software from the optical images that were taken with the optical
microscope at various magnification levels. The notch dimensions from the crack length
measurements were used to determine the stress intensity factor for all samples, which is
related to the rate of crack growth and displays the intensity of the stress distribution at
the fracture tip. Equation 2 demonstrates that stress intensity factor K, which is directly
related with the applied stress (0), geometric factor (F(a/b)), and square root of defect
size [32,75]. The remote loading stress (o), was chosen as the applied constant nominal
stress value during actuation fatigue tests. There are numerous equations for SIF
calculations regarding different crack and sample geometries and loading conditions. The
stress intensity and geometric factor values in this study were determined based on the
empirical relationships indicated in Tada-Paris-Irwin's Stress Analysis of Cracks, which

Tada defined in 1973 [66,75].

K; = ovna F (%) (Equation 2)
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In Equation 3, the geometric factor function, denoted as F (%), was chosen for single edge

notched samples where a is the length of the crack and b is the sample width.

a\ _ a\* | 0857+0.2657 )
F (E) = 0.265 (1 - Z) + (-3 (Equation 3)

In calculating the SIF, when a/b is equal to or more than 0.2, this equation is stated to
offer accuracy better than 0.5%, and better than 1% when a/b is less than 0.2 [75].

During actuation cycles, a/b ratio determined by crack length measurements after every
intermittent cycles, were usually less than or near to 0.2. Therefore, Equation 3 was
chosen among other empirical formulas to calculate geometric factor values for which

provides more accurate values.

41



4. RESULTS AND DISCUSSIONS

4.1. Actuation Fatigue Testing of HE Samples

NisoTi30Hf20 (at.%) alloys were used to investigate the actuation fatigue performance and

crack propagation behavior during actuation fatigue cycles.

Before starting the experiments, TTs of the alloys should be known to determine UCT
and LCT values to see full transformation during the actuation cycles. TTs of NisoTizoHf2o
(at.%) that were previously measured and reported by our lab group for the same batch

of alloy from DSC experiments are shown in Table 4.1-1.

Table 4.1-1 Stress-free TTs of NisoTizoHf>o (at.%) alloys [22]

Stress-free TTs of hot extruded NisoTisoHf>o
(at.%)

Af As MS Mf

Temperatures (°C) 330 286 282 236

Firstly, actuation fatigue test was conducted on as extruded NisoTizoHf20 (at. %) sample
without a pre-notch. Sample was tested by applying thermo-mechanical cycling with
15°C/s heating-cooling rate under 200 MPa constant stress by hanging dead weights to

sample.

Actuation fatigue experiment results of the sample were gathered from the displacement
and temperature data during test cycles. Then, the displacement data were converted to

strain and the strain-temperature curves were drawn by these data of the samples.

Strain - Temperature diagrams for the HE sample that was thermally cycled under
200 MPa were shown in Figure 4.1-1, which included the selected cycles until failure.

The 7,699™ cycle, which was the last cycle was also shown in the Figure. It is important

42



to note that the applied constant load corresponds to 200 MPa stress magnitude at the
beginning of the experiments but the stress increases as the cross section of the samples
decreases with the plastic deformation. However, constant stress terminology was used
throughout the text of this thesis to be consistent with the terminology that is being used

in the literature.
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Figure 4.1-1. Strain-Temperature curves from the actuation fatigue experiment of

NisoTi30Hf20 (at.%) HE sample.

By using these curves, actuation fatigue properties of the materials such as actuation
strain, accumulated irrecoverable strain, TTs and thermal hysteresis values were
determined for all samples that were in different conditions. Extracting these properties
was done by applying the procedure that was shown in Figure 4.1-2 and that was

explained in the experimental procedure section for each correspondent cycle.
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Figure 4.1-2. A schematic curve of a actuation fatigue (heating-cooling) test cycle under
constant load and determining the values as TTs, actuation strain, irrecoverable strain and

thermal hysteresis [18]

TTs that were determined from Strain vs Temperature curves of the HE sample, were
shown in Figure 4.1-3. TTs were almost stable during the actuation fatigue test, however
Ar showed a slight increase due to dislocation accumulation through the cycles. As, At,
M; and My temperature values were found as around 280°C, 350°C, 295°C, 250°C

respectively.
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Figure 4.1-3. The evolution of the TTs that was determined from the actuation fatigue

experiment of NisoTiz0Hf20 (at.%) HE sample under constant stress.

Difference between strain at austenite and strain at martensite denotes the actuation strain.
Actuation strain decreased for HE Sample 1 with increased number of actuation cycles as
shown in Figure 4.1-4. Actuation strain started with 1.6% value and then decreased to
0.89% in HE sample. Actuation strain values slightly decreased with increasing number
of cycles due to dislocation formation leading to martensite pinning over the cycles. It
has been already known that the dislocations, which are formed by phase transformation,

pin the martensite-austenite boundary and hinder the boundary movement [30,56,57].
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Figure 4.1-4. Actuation strain values that were determined from the actuation fatigue

experiment of NisoT130Hf20 (at.%) HE Sample 1 under constant stress.

Accumulated irrecoverable strain values represent the strain values in which the change
of shape could not be fully recovered upon cycles. Accumulated irrecoverable strain
values of the HE Sample 1 with the number of cycles were given in Figure 4.1-5. There
was an increasing trend in the values, but increasing rate decreased with the number of
cycles due to strain hardening with the actuation cycles. As mentioned before, the number
of dislocations increase at every heating-cooling cycles with the phase transformation
under stress, thus the irrecoverable strain values increase as well. On the other hand, with
the increase in the number of dislocations, the alloy undergoes strain hardening and

therefore a decrease in the increasing rate of irrecoverable strain is observed. This is

46



actually similar to the strain hardening mechanism observed during plastic deformation

of any metal alloy.
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Figure 4.1-5. Accumulated irrecoverable strain values determined from actuation fatigue

experiments of NisoTizoHf>o (at.%) HE Sample 1 under constant stress.

Thermal hysteresis values over the number of cycles were shown in Figure 4.1-6. There
was a sharp decrease during the first 500 cycles and a slight increase in hysteresis values
with the number of cycles. At the beginning, the randomly induced dislocations and the
internal stress due to extrusion may help the phase transformation to take place without
spending more energy, so the thermal hysteresis was determined to be decreasing.
However, since dislocations and pinned martensite volumes increased later with the
number of cycles more energy should be supplied for the progress of phase transformation

by overcoming the pinning effect of dislocations.
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Figure 4.1-6. Thermal Hysteresis values determined from actuation fatigue experiments

of NisoTi30Hf20 (at.%) HE Sample 1.

During the actuation fatigue testing, Sample 1 (HE) was detached from the test set-up at
each 600 intermittent cycles to investigate the crack initiations and crack growth. At each
interval, optical micrographs were taken on different sections of the sample’s surface, and
crack length measurements were done. To investigate a wider surface area, the images

from different sections were merged into one image at each intermittent cycle.

Optical images of the sample after different cycles were shown in Figure 4.1-7. From all
collected optical images, major crack leading up to fracture were determined from the
optical image that was taken after the last cycle, and the growth of that specific crack was
followed. The crack lengths were measured at each intermittent cycle. The length of the
major crack leading to fracture was shown with yellow color measurement boxes in

Figure 4.1-7.
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Figure 4.1-7. Optical Images of the crack formations in HE sample that were taken after

intermittent cycles

The results of the crack length measurements at different cycles, best fit line and
R-Squared (R?) value which shows how well the best fit line fitted the data were shown
in Figure 4.1-8. Crack growth rate of Sample 1 was found to be 0.054 pm/cycle.
It is important to remind that, these measurements were taken by following the major
crack that led to the failure of the sample. However, since a pre-notch was not initiated
before the actuation cycles, crack distribution was different and crack growth rate was
found to be relatively lower than that of the rates that were found from the test results of

pre-notched samples in the following sections.
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Figure 4.1-8. Crack length evolution with the number of cycles of HE sample from a

leading crack to fracture

It was hard to find a crack initiation and very difficult to follow the growth of the major
crack in a sample without a pre-notch form. Therefore, crack growth behavior was
determined by running actuation fatigue tests on pre-notched samples in the following

sections.

4.2. Actuation Fatigue Testing of HE-PN Samples

Actuation fatigue cycles were conducted on pre-notched hot extruded (HE-PN)
NisoTiz0Hf20 (at.%) samples. 3 different samples (Sample 2, Sample 3, Sample 4) were
tested by applying thermo-mechanical cycling with 15°C/s heating-cooling rate under

constant load which corresponded to 200 MPa by hanging dead weights to sample.

Sample 2, Sample 3 and Sample 4 performed 2,702 , 4,200 and 2,200 cycles, respectively.
Strain-Temperature curves from the actuation fatigue experiments of 3 HE-PN samples
were shown in Figure 4.2-1 for the corresponding same number of cycles. Relatively
similar trends were observed in Sample 2 and Sample 4, however the curves that were

drawn for Sample 3 slightly shifted upwards with respect to the curves that were drawn
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for other samples. The curves were shown with different colors, so the differences could

be distinguished more easily.
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Figure 4.2-1. Strain-Temperature curves from the actuation fatigue experiments of 3

HE-PN NisoTiz0Hf20 (at.%) samples [67].

M; and Ar temperature values were indicated for the sake of simplicity in the graphs for
all experiments. My and Ar temperatures that were determined from the Strain-
Temperature curves for all samples showed nearly similar trends with the number of
cycles as can be seen in Figure 4.2-2. While M; temperature values were around 300°C,

Ar values were found to be around 350°C.
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Figure 4.2-2. TT evolutions determined from actuation fatigue experiment of NisoTi30Hf20

(at.%) HE-PN sample.

Actuation strain values of HE-PN samples demonstrated almost similar decreasing trend,
however, the values of Sample 3 diverged from the values of the other two samples

starting from 1,200 cycle (Figure 4.2-3).

28 |Actuation Strain - (HE - PN)|
24
®
=20
=
©
&» 1.67
S ]
'g 1.2-_
E l
< 0.8
] —m— Sample 2
0.4 S —A— Sample 3
{[NigoTigoHf,q (at.%) - (HE - PN)| Sample 4
00+—————F7T——— 7T 7 7T 7T T T T T
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500

Cycle Number (N)

Figure 4.2-3. Actuation strain values determined from actuation fatigue experiments of 3

HE-PN NisoTiz0Hf20 (at.%) samples [67].
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Accumulated irrecoverable strain values of HE-PN samples increased with the number of
cycles, however increasing rate of the accumulated irrecoverable strain of these three
samples varied during the tests as shown in Figure 4.2-4. All samples exhibited similar
increasing trend at the beginning of the actuation cycles, however the values diverged

from each other later.

Accumulated irrecoverable strain values did not saturate and kept increasing with the
cycles. This behavior might be due to the pre-notch, crack initiations and growths of the
cracks from pre-notch or the other cracks, which were formed during cycling.
Additionally, the increasing rate of the accumulated irrecoverable strain values of these
three samples was found to be higher than that of Sample 1, which is the sample without
pre-notch. For instance, Sample 2 and Sample 3 showed 12% of accumulated
irrecoverable strain value at around 2,300" and 4,200 cycles, while the sample with no

pre-notch showed the same irrecoverable strain value at around 5,700 cycle.

A jump was observed on the accumulated irrecoverable vs cycle number curve of
Sample 2 at the end of actuation cycles and this is due to the peeling of the black paint
from the surface of the sample that was used to accurately measure the temperature data.
The increase of surface crack formations towards the last cycles of the actuation fatigue
experiments could also lead the black paint to be peeled off from the surface. Thus,
measuring the temperature accurately became difficult and the samples could be heated
to higher temperatures than that of the set UCT value (440°C). If the sample was
mistakenly heated well above the UCT due to the black paint peeled off the surface, the
strength of the alloy would decrease and the crack propagation and dislocation formation
rate would increase. This might be the reason of the jump in the accumulated

irrecoverable strain value.
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Figure 4.2-4. Accumulated irrecoverable strain values determined from actuation fatigue

experiments of 3 HE-PN NisoTizoHf>o (at.%) samples under constant stress [67].

Thermal hysteresis values of all HE-PN samples were determined from the actuation
fatigue cycle curves and shown in Figure 4.2-5. Similar decreasing and increasing trends
were observed for all HE-PN samples. However, thermal hysteresis values were not so

close to each other at these samples (Figure 4.2-5).
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Figure 4.2-5. Thermal Hysteresis values determined from actuation fatigue experiments
of 3 HE-PN NisoTizoHf>o (at.%) samples.
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During the heating-cooling cycling of HE-PN samples, to take a better look on the
formation and propagation behavior of cracks with the number of actuation fatigue cycles,
optical micrographs were taken after every 200 actuation cycles. Optical micrographs
were recorded at different magnification levels to investigate the formations and

measurements.

Location of optical micrographs from where images were taken for HE-PN samples were
represented in Figure 4.2-6. Wire EDM created pre-notch geometry and area around the
pre-notch were demonstrated in the figure. Optical micrographs of the area around the
crack before the test start and after the previous intermittent cycle before the fracture were

also given in the figure.

Initial crack length of the samples in figures was defined as the depth of the pre-notches
that was mentioned previously in experimental procedure section and presented with the
letter ‘a’, which was around 0.3 mm (300 um). However, measured pre-notch length in
lateral axis and load axis before starting the test could be different in samples due to the
precision of EDM cutting method. For instance, the dimensions of the pre-notch of

Sample 2 were 280 um and 422 um before the test was started.
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Optical Micrograph Imaging Method
P Before test start Before the fracture
Number 3 :
Sample 2
(HE-PN)
Sample 3
(HE-PN)
Sample 4
(HE-PN)

Figure 4.2-6. The region showing where the crack images were taken and the crack
images of the HE-PN samples before the actuation fatigue test and just before the

fracture [67].

Optical micrographs that were taken after each 200 intermittent cycles were shown and

presented for 1,200", 1,400%, 1,600", 1,800" and 2,000" cycles in Figure 4.2-7.

56



A distinctive major crack leading to fracture in all HE-PN samples can be seen in the

figure.

Cycle

Nuinber Sample 2 Sample 3 Sample 4

1,200t

1,400t

1,600t

1,800t

2,000t

Figure 4.2-7. Pre-notch, major crack and side crack optical micrographs of HE-PN
samples after 1,200", 1,400® | 1,600" , 1,800" and 2,000" cycles of actuation
cycling [67]

The crack size evolution was analyzed by measuring the length of major crack, which
propagated with the number of actuation cycles. The total length data points of the major

crack at different intermittent cycles were shown on the graph, the data points were
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connected and best fit lines were drawn passing from these data points (Figure 4.2-8).
Then, slope of these lines defining the crack growth rate (um/cycle) of the samples for
actuation cycles were calculated and presented with the letter "m” . R-Squared values of
these 3 best fit lines were also calculated and given in the figure. It is important to mention
that the graph of crack growth rate with respect to stress intensity range (AK) could not
be drawn in the study since there is a different mechanism in actuation cycling of SMAs.
Crack growth occurs in these materials due to thermally triggered phase transformation
under constant load in actuation fatigue testing instead of alternating stress magnitude

application in conventional fatigue experimentation of metal alloys.
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Figure 4.2-8. Evolution of crack lengths with the number of cycles in actuation fatigue

cycling of HE-PN samples [67]

Crack growth rates of Sample 2, Sample 3 and Sample 4 were tabulated in Table 4.2-1.
Although Sample 2 and Sample 3 showed relatively closer crack growth rates, the
significant increase in the crack length (the growth of crack) started at a different cycle
of the actuation fatigue experiment that was conducted on Sample 3. While crack growth
at Sample 2 and Sample 4 was seen starting after 200" cycle, crack length increase was
seen after 800" cycle in Sample 3. Also, actuation fatigue lifetime of Sample 3 was
completely different as well as the propagation of an initiated crack growth started later

compared to other samples.
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Table 4.2-1. Crack growth rate values (“m”) of HE-PN samples and crack length change
trend [67]

“m” Values Sample 2 Sample 3 Sample 4

Crack Growth Rate (um/cycle) 0.099 0.102 0.147

SIF values were determined by using the equation of Tada et al. [75], which was defined
and explained in the experimental procedure section. Geometric factor and crack length
dimensions were used in the formula to define SIF values and represented plot was given

in Figure 4.2-9. SIF values were increased by the increase in crack length with the number

of cycles.
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Figure 4.2-9. SIF values calculated for HE-PN samples by the crack lengths at intermittent
cycles [67]

Fracture surface of the Sample 4 was investigated using SEM to reveal the fracture modes
of the sample. Fracture morphology of the Sample 4 after actuation fatigue cycling
exhibited a combination of both intergranular and transgranular fracture morphology.
However, more intergranular formations had been seen on the fracture surfaces in

addition to a couple of dimples on the surface.
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Figure 4.2-10. SEM images from fracture surface of Sample 4 after actuation fatigue

experiment

Briefly, HE-PN samples showed diverge shape memory properties and crack growth
behavior compared to each other. Since there can be deformation variation and induced
stresses due to the hot extrusion process that was previously shown by our research group
annealing heat treatment was applied to virgin samples from the same batch as suggested

by Akin et al. and these samples were coded as HE-PN-AN [22].

4.3. Actuation Fatigue Testing of HE-PN-AN Samples

TTs of annealed NisoTizoHf20 (at.%) alloys were obtained and previously reported by our
lab group for the same batch of alloy from DSC experiments. The results are shown in

Table 4.3-1.
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Table 4.3-1. Stress-free TTs of annealed NisoTiz0Hf>o (at.%) alloys [22]

Stress-free TTs of annealed NisoTizoHf>o (at.%)

Temperatures (°C) 328 281 282 229

Actuation fatigue experiments were performed on pre-notched and annealed samples by
running cooling-heating cycles under constant load which corresponded to 200 MPa
stress condition via considering the initial cross-section area of the sample. Samples
enumerated with 5 and 6 were tested by applying thermal cycles with 15°C/s heating-
cooling rate. UCT and LCT temperatures were set to 440°C and 150°C, respectively as

in the case of previous actuation fatigue tests.

Actuation Fatigue lifetimes of Sample 5 and Sample 6 were found to be 2,683 and 2,351
cycles, respectively. Strain-Temperature curves, which were previously presented for the
same cycles of annealed samples, obtained from the activation fatigue test of the
HE-PN-AN sample, are shown in Figure 4.3-1. Strain-Temperature curves that were
obtained at each 200™ cycles were shown together for both of the annealed samples. Both

samples showed almost the same strain-temperature curves at the same actuation cycles.
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Figure 4.3-1. Strain-Temperature curves from the actuation fatigue experiments of

NisoTi30Hf20 (at.%) HE-PN-AN samples [67].

Annealed samples (HE-PN-AN) with pre-notches showed pretty similar TTs throughout
the cycles as shown in Figure 4.3-2. M; temperatures were around 290°C and Ar
temperatures of Sample 5 were in the range of 337°C to 358°C and of Sample 6 were in

the range of 326°C to 343°C.
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Figure 4.3-2. Evolution of TTs, which were determined from Actuation Fatigue

experiment conducted on HE-PN-AN NisoTi30Hf20 (at.%) samples.
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Actuation strain values were slightly decreased as it was shown in other studies the
literature with the number of cycles due to the plastic strain accumulation and residual
martensite plates that are pinned by the dislocations with the actuation cycles [29,76].
The actuation strain evolution with the number of cycles was demonstrated in
Figure 4.3-3. The work output could be calculated by multiplying the applied stress with
actuation strain. Work output value also decreased with the actuation strain decrease.
However, since the actuation strain values were almost the same at all cycles for annealed

samples, the work output values were approximately the same at all cycles.
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Figure 4.3-3. Actuation strain values determined from Actuation Fatigue experiment

conducted on HE-PN-AN NisoTi3oHf20 (at.%) samples [67].

Accumulated irrecoverable strain values increased with the number of cycles in
HE-PN-AN samples, and both samples resulted almost similar accumulated irrecoverable
strain values as can be seen in Figure 4.3-4. The similarity in the irrecoverable strain
values of HE-PN-AN samples can be attributed to the stress relief and homogenized

extruded microstructure via annealing as explained in the previous paragraphs.
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Figure 4.3-4. Accumulated irrecoverable strain values determined from Actuation Fatigue

experiment conducted on HE-PN-AN NisoTi30Hf20 (at.%) samples [67].

Thermal hysteresis values of HE-PN-AN were almost in similar trends and very close to
each other as shown in Figure 4.3-5. A sharp decrease through the first 200 cycles was
observed and then an increase with a very low rate in the thermal hysteresis values was
determined through the rest of the experiments. The initial decrease can be attributed to
the annealing and the increase can be attributed to the increase in dislocation density with
the number of cycles. Since the dislocations are able to pin the martensite-austenite and
increase the resistance to phase transformation higher energy should be supplied to the

alloys to overcome this energy.
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Figure 4.3-5. Thermal hysteresis values determined from actuation fatigue experiments

of NisoTizoHf>o (at.%) HE-PN-AN sample.

Crack formations and length of cracks were investigated by using optical micrographs
taken after every 200 actuation cycles that were run on annealed samples (HE-PN-AN).
Crack images of HE-PN-AN samples before the actuation fatigue experiments and just

before the fracture could be seen in Figure 4.3-6.
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Optical Micrograph Imaging Method

Niimbeér Before test start Before the fracture

Sample 5
HE - PN - AN

Sample 6
HE - PN - AN

Figure 4.3-6. The region showing where the crack images were taken and the crack
images of the HE-PN-AN samples before the actuation fatigue test and just before the
fracture [67].

Optical micrographs showing the pre-notch area were presented for 1,200, 1,400™,

1,600™, 1,800 and 2,000 cycles in Figure 4.3-7.
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Figure 4.3-7. Pre-notch, major crack and side crack optical micrographs of HE-PN-AN
samples after 1,200, 1,400, 1,600™, 1,800% and 2,000™ cycles of actuation cycling [67]



The crack length size evolutions over the actuation cycles of HE-PN-AN samples were
given in Figure 4.3-8. Best fit lines passing from the data points and their R-Squared
values were also presented in the figure. Major crack data leading to fracture at after every
200 intermittent cycles and best fit lines of these data showed almost similar crack growth
rate trend with increasing number of actuation fatigue cycles as can be seen in

Figure 4.3-8.
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Figure 4.3-8. Evolution of crack lengths with the number of cycles in actuation fatigue

cycling of HE-PN-AN samples [67]

Due to the simultaneously joining minor cracks after 200 cycles, the total crack length of
HE-PN-AN Sample 5 suddenly increased between the 1,800 and 2,000™ actuation cycles
as shown in Figure 4.3-9. This increase also led to sudden increase of SIF value of

Sample 5 after 1,800™ cycle, which could be seen in Figure 4.3-10.
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Figure 4.3-9. Pre-notch, major crack and side crack optical micrographs of Sample 5 after

1,800™, 2,000" cycles of actuation cycling [67]

Crack growth values of Sample 5 and Sample 6 were tabulated in Table 4.3-2. Almost

similar crack growth rates were determined.

Table 4.3-2. Crack growth rate values (“m”) of HE-PN-AN samples and crack length
change trend [67]

“m” Values Sample 5 Sample 6

Crack Growth Rate (um/cycle) 0.080 0.077

Plots showing SIF values determined by using the equation of Tada et al. [75] was shown
in Figure 4.3-10 for annealed samples. A lower and similar increasing trend in SIF values
after actuation cycles were seen until 1,800" cycle for annealed samples. Until distinctive
increase, SIF values were mitigated due to the annealing process via rearranged

dislocations and relieved stresses that were induced from hot extrusion process.
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Figure 4.3-10. SIF values calculated for HE-PN-AN samples by the crack lengths at

intermittent cycles [67]

Fracture surface of failed HE-PN-AN Sample 6 was shown in Figure 4.3-11. Fracture
morphology of the Sample 6 after actuation fatigue cycling showed both transgranular
and intergranular fracture surfaces as demonstrated in Figure 4.3-11. Intergranular
fracture mode found to be dominant on the fracture surfaces. Additionally, few smaller

dimples were also found on the surface.

Figure 4.3-11. SEM image from fracture surface of Sample 6 after actuation fatigue

experiment
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Briefly, HE-PN-AN samples showed almost similar shape memory properties and crack

growth behavior with similar and lower crack growth rate.

4.4. Discussions on Actuation Fatigue Testing of HE-PN and HE-PN-AN samples

Crack growth curves of both types of samples, best fit lines and their R-Squared values
were shown in Figure 4.4-1. It was seen that the annealed samples showed almost similar
increasing crack length trends and crack growth rates, however crack length values of

HE-PN samples that were measured at certain number of cycles deviated from each other.
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Figure 4.4-1. Evolution of crack lengths with the number of cycles in actuation fatigue

cycling of HE-PN and HE-PN-AN samples [67]

Crack growth rate of these two types of samples, which were coded as HE-PN and
HE-PN-AN were shown in the table below (Table 4.4-1). Crack growth rate of annealed

samples HE-PN-AN resulted lower crack growth rates over the cycles compared to
HE-PN samples.
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Table 4.4-1. Crack growth rate values (“m”) of HE-PN and HE-PN-AN samples and crack
length change trend [67]

“m” Values Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Crack
Growth Rate 0.099 0.102 0.147 0.080 0.077
(um/cycle)

Figure 4.4-2 contained optical micrographs showing the major crack propagation and
minor side crack formations with the number of actuation cycles for both HE-PN and
HE-PN-AN samples. Several minor side crack formations were seen on annealed samples
over the number of cycles in contrast to HE-PN samples with distinctive major crack that
led to fracture. In annealed samples, these minor side cracks propagated with the major
crack and reached to almost similar crack lengths after a while. However, there were not
many side cracks occurred around the pre-notch of HE-PN samples due to the fact that
the growth rate of the major crack was always higher since the work done on HE-PN
samples were used for the growth of the major crack instead of creating minor side cracks
considering the higher induced stress and dislocation density due to hot extrusion. The
higher strength of the HE-PN samples may resist to the formation of side cracks with

actuation cycling.

The formation of several minor side cracks and propagation of these cracks in
HE-PN-AN samples could be due to annealing process. Such that, annealing process

could lead to a stress relief and dislocation rearrangement of hot extrusion process.
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Sample Number Cycle Number
and
Condition 1,200t 1,400th 1,600t 1,800t 2,000t

Sample 2
(HE-PN)

Sample 3
(HE-PN)

Sample 4
(HE-PN)

Sample 5
(HE-PN-AN)

Sample 6
(HE-PN-AN)

Figure 4.4-2. Pre-notch, major crack and side crack optical micrographs of HE-PN and
HE-PN-AN samples after 1,200, 1,400, 1,600®, 1,800™ and 2,000™ cycles of actuation
cycling [67]

As it was mentioned before, work output could be calculated by multiplying the actuation
strain with applied stress. Almost similar actuation strain magnitudes (€act) were obtained
for all HE-PN and HE-PN-AN samples as shown in Figure 4.4-3 which also meant same
work output was achieved from all samples. It is known from the fracture mechanics that
energy transformed into work should be used to promote the formation and growth of
cracks. This energy converted from work done must be spent on phase transformation,
crack formation and crack propagation in samples with pre-notch. The energy spent on
crack formations and crack growth would be the same for all samples since the actuation
values hence the work output values were determined to be same for all samples. In
contrast to the HE-PN samples, where this energy was used for the propagation of pre-
notch, the HE-PN-AN samples used the same amount of energy to generate minor side
cracks in addition to the propagation of the pre-notch. This might be as a result of

relieving hot extrusion-generated stress which was relatively less in the annealed
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materials, and made it relatively simple to form new surfaces with spending less energy

in annealed samples.
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Figure 4.4-3. Actuation strain values determined from Actuation Fatigue experiment

conducted on HE-PN and HE-PN-AN NisoTiz0Hf> (at.%) samples [67]

Additionally, even if pre-notches were opened at the sample edges using WEDM and this
method is thought to be the most suitable one with the pre-notch dimensions, residual
stresses may still develop in the vicinity of the pre-notch. The growing rate of the pre-
notch in HE-PN-AN samples was reported to be slower than that of HE-PN samples

because annealing might reduce these residual stresses.

SIF values were calculated by using the equation of Tada et al. [75] and shown in
Figure 4.4-4 for HE-PN and HE-PN-AN samples. SIF values for the first 1,800 cycles of
HE-PN-AN samples were nearly the same. Due to the simultaneously joining minor
cracks of Sample 5 after 1,800" cycle, an increase was observed. It can be stated that
annealing helped to reduce the increase in SIF values following actuation cycles by

rearranging dislocations and relieving stresses brought on by the hot extrusion process.
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Figure 4.4-4. SIF values calculated for HE-PN and HE-PN-AN samples by the crack
lengths at intermittent cycles [67]

4.5. Effect of UCT and Stress on Actuation Fatigue Tests of HE-PN-AN Samples

Actuation fatigue experiments were conducted under two different conditions to see the
effect of stress and higher UCT on actuation fatigue and crack growth behavior. Firstly,
a sample of HE-PN-AN NisoTi30Hf20 (at. %) alloy was tested under constant load
corresponding to 200 MPa stress with 15°C/s heating-cooling rate (this sample was
enumerated with 7) at a different UCT temperature. Sample 7 was thermally cycled under

constant load between 600°C and 150°C that were set as UCT and LCT, respectively.

Secondly, another sample was tested under a different stress level than the previous test
samples which was 300 MPa with 15°C/s heating cooling rate between 440°C UCT and
150°C LCT temperatures (this sample is called as Sample 8). However, since it was
known that TTs could be increased by the increased applied load from previous studies
[77], it was necessary to make sure that the 440°C UCT was sufficient to observe full
austenitic transformation with the application of 300 MPa. Therefore, HE-PN-AN sample
was tested with actuation fatigue cycles under constant load referred to 300 MPa stress
magnitude with different UCT values. Strain-Temperature curves were investigated,

which were obtained from actuation fatigue experiments that were run for different UCT

75



values. The curves were shown in Figure 4.5-1. It was determined that 440°C UCT

temperature was found to be sufficient for full transformation under stated constant load.

1 [NiggTiagHf (at.%) - HE-PN-AN
5| | |Constant load refers to 300 MPa stress;
Different Upper Cycle Temperatures

- Temperature : 550 °C

[Temperature : 525 °C
Temperature : 500 °C

Strain (%)
!

Temperature : 440 °C

T T T T T
100 200 300 400 500 600
Temperature (°C)

Figure 4.5-1. Strain vs Temperature Curves of HE-PN-AN samples tested under constant

load refers to 300 MPa Stress at different UCTs

Sample 7, which was HE-PN-AN tested by setting the UCT to 600°C, was failed after
220 cycles. Strain-Temperature curves, which were gathered from different cycles of
Sample 7, were shown in Figure 4.5-2 (a). Difference between strain at austenite phase
and martensite phase increased with the number of cycles and curves were widened over

the number of cycles.

Additionally, Sample 8 (HE-PN-AN) was tested under higher constant load which
corresponded to 300 MPa stress magnitude was failed after 280 actuation cycles. Strain-
Temperature curves of Sample 8 showed similar curves with the previous actuation
fatigue tests with 440°C UCT under 200 MPa with the increasing number of cycles
(Figure 4.5-2 (b)). By using these curves, values defining the actuation fatigue and shape
memory properties were extracted then shown in subsequent figures in the following

paragraphs.
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Figure 4.5-2. Strain-Temperature curves from the actuation fatigue experiment of
NisoTizoHf20 (at. %) HE-PN-AN sample (a) under 200 MPa with 600°C UCT, (b) under
300 MPa with 440°C UCT.

Sample 7 and Sample 8 exhibited TTs almost in similar magnitudes until 140™ cycle.
While Sample 8 showed stable TTs, TTs of Sample 7 diverted from the TTs of Sample 8

starting from the 140" cycle as can be seen in Figure 4.5-3.
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Figure 4.5-3. TT evolution determined from Actuation Fatigue experiment conducted on
HE-PN-AN NisoTi30Hfo (at. %) sample under 200 MPa with 600°C UCT for Sample 7
and actuation fatigue test under 300 MPa with 440°C UCT for Sample 8.

Actuation strain values of Sample 8, which were thermally cycled under 300 MPa, were
decreased with the number of cycles as it was shown in other studies on NiTiHf alloys
due to the plastic strain accumulation and remnant martensites that were pinned by the
phase transformation induced dislocations [29,76]. However, Sample 7, which was tested
using higher UCT, showed an increase in actuation strain value. This increase was
attributed to oxidation-based crack growth and the higher transforming volume of
martensite to austenite with the increase in UCT. Also, creep induced plasticity could be
effective at higher temperatures. It is worth to mention that the dislocations become
mobile at relatively higher UCT and therefore they may lose their pinning effect and the

martensite-austenite boundaries become mobile as well.

It’s known from the previous study that higher UCT reduces the fatigue life of
HTSMAs [18]. Increase in UCT also increase the actuation strain value since further
heating could be required in some local areas for further transformation of martensite to
austenite. The dislocation accumulation over the number of cycles could lead to
dislocation barriers which could be overcome by overheating. Also, increase in actuation

strain would lead to more crack opening and closing and that could promote crack growth.
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Sample 8 showed better cyclic stability in terms of actuation strain under higher stress

magnitude.
4.0 . -
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Figure 4.5-4. Actuation strain values determined from Actuation Fatigue experiment on
HE-PN-AN NisoTi30Hf0 (at. %) sample under 200 MPa with 600°C UCT for Sample 7
and actuation fatigue test under 300 MPa with 440°C UCT for Sample 8.

Accumulated irrecoverable strain values increased over the number of cycles in
HE-PN-AN samples, and both samples resulted almost similar values in the beginning of
the actuation fatigue cycles as presented in Figure 4.5-5. However, the accumulated
irrecoverable strain values of Sample 7, which was tested using higher UCT, showed a
deviation after 60™ cycles. It showed a significant amount of irrecoverable strain through
the actuation fatigue cycles which might be due to high temperature-based crack opening

closing behavior during actuations leading to observe higher strain values.
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Figure 4.5-5. Accumulated irrecoverable strain values determined from Actuation Fatigue

experiment conducted on HE-PN-AN NisoTi30Hf20 (at.%) samples under 200 MPa with

600°C UCT for Sample 7 and actuation fatigue test under 300 MPa with 440°C UCT for

Sample 8.

Thermal hysteresis values stayed almost constant in Sample 8, but Sample 7 tested at

higher UCT resulted higher thermal hysteresis after 160 cycles as seen in Figure 4.5-6.
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Figure 4.5-6. Thermal hysteresis values determined from actuation fatigue experiments

of NisoTiz0Hf2o (at.%) HE-PN-AN samples under 200 MPa with 600°C UCT for Sample

7 and actuation fat

igue test under 300 MPa with 440°C UCT for Sample 8.
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Crack formations were investigated by using optical micrographs taken after intermittent
actuation cycles for Sample 7 and Sample 8. Small crack initiations were observed with
the 50" cycle, however propagations of these cracks were not clear. A major crack leading
to fracture could not be observed in Sample 7 that was tested using higher UCT as can be
seen in Figure 4.5-7. Many surface cracks were propagated together during the actuation
cycles due to high UCT and high temperature-based surface oxidation that led to observe
many surface cracks. Thus, crack growth curves could not be drawn due to indistinctive

crack length.

Sample 7 — (NiSOTisonZO ) — (H E-PN-AN)UCT 600 °C

50th cycle
200x magnification

140th cycle

160th cycle

Figure 4.5-7. Optical micrographs taken after intermittent actuation cycles for Sample 7

Optical micrographs showing the pre-notch area of Sample 8 were presented for 75" and
200" cycles in Figure 4.5-8. Sample had small sized micro cracks at 75 cycle, however
there was no noticeable difference in length of the initiated cracks in the next intermittent
cycle, which was 200" cycle. Then, sample was failed after 280" cycle without showing
a distinctive crack formation. Therefore, crack length with the number of cycles curves

could not be drawn for Sample 8.
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75th cycle 200th cycle
200x magnification 200x magnification

Figure 4.5-8. Optical micrographs taken after intermittent actuation cycles for Sample 8

Fracture surfaces of failed Sample 7 and Sample 8 were shown in Figure 4.5-9. Fracture
morphology of the Sample 7 which was actuation fatigue cycled using higher UCT
showed mostly intergranular fracture surfaces with many micro voids called as dimples.
However, less dimples and intergranular fracture manner had been seen on the fracture
surface of Sample 8. Higher UCT application led to mostly intergranular cracking as
already stated in the work of Karakoc et al. at which the actuation fatigue cycles were run

using higher UCT temperatures [18].

Sample 7 e (HE"PN'AN)UCT 600 °C Sample 8 - (HE‘PN'AN)3OO MPa

Figure 4.5-9. SEM Images from fracture surface of Sample 7 and Sample 8 after actuation

fatigue experiments
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From the SEM images showing the fracture surfaces of the failed samples in
Figure 4.5-9, it can be seen that the higher UCT level (600°C) provoked the formation of
many dimples and several elongated cracks which were probably due to the corporation
of the dimples as shown with the red circles in Figure 4.5-9. Observing more dimples on
the fracture surface might be attributed to the increased actuation strain due to the crack
opening-closing during phase transformation that led to the formation of many small

cracks inside [18].

4.6. Actuation Fatigue Testing of NisoTi2sHf2s (at.%) HE-PN-AN alloy

A sample of NisoTizsHf2s (at.%) were tested to investigate the actuation fatigue
performance and crack propagation behavior of a NiTiHf alloy having higher Hf content
(25 at.% Hf). It is known that the TTs increase in NiTiHf alloys with the increasing
content of Hafnium. Thus, NisoTi2sHf2s (at.%) has higher TTs compared to
NisoTi30Hf20 (at. %) alloy. Stress-free TTs of annealed NisoTi2sHf25 (at.%) were shown in
Table 4.6-1 which was previously determined and reported by our lab group for the same

batch of alloy.

Table 4.6-1. Stress-free TTs of annealed NisoTi2sHf>s (at.%) alloys

Stress-free TTs of annealed NisoTi2sHfs (at.%)

Af As MS Mf

Temperatures (°C) 434 398 368 324

Actuation fatigue experiments were conducted on HE-PN-AN NisoTi2sHf>s (at.%) alloy
under constant load corresponding to 200 MPa stress with 15°C/s heating-cooling rate
(this sample is called as Sample 9). UCT temperature value was chosen as 600°C to
observe full phase transformation along the cycles since NisoTi2sHf>s (at.%) had higher
TTs than that of NisoTiz0Hf20 (at.%) alloys. Sample 9 had performed 222 actuation fatigue
cycles under load and strain-temperature curves that were obtained from different cycles

were given in Figure 4.6-1.
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Figure 4.6-1. Strain-Temperature curves from the actuation fatigue experiment of

NisoTizsHf2s (at.%) HE-PN-AN sample under 200 MPa with 600°C UCT

TTs that were extracted from strain-temperature curves of Sample 9 were shown in
Figure 4.6-2. Stable transformation temperatures were observed throughout the lifetime

of Sample 9.

700 5
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Figure 4.6-2. Evolution of TTs, which were determined from Actuation Fatigue
experiment conducted on HE-PN-AN NisoTi2sHf25 (at.%) sample under 200 MPa with
600°C UCT
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Actuation strain values of the Sample 9 with respect to number of cycles were shown in
Figure 4.6-3 where actuation strain values were determined to be stable until 150™ cycle

and then increased until fracture.
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Figure 4.6-3. Actuation strain values determined from Actuation Fatigue experiment on

HE-PN-AN NisoTi2sHfzs (at.%) sample under 200 MPa with 600°C UCT

Sample 9 exhibited a significant amount of accumulated irrecoverable strain through the
actuation fatigue cycles (Figure 4.6-4). Highly increased values over the number of cycles
might be due to significant propagation of cracks due to severe oxidation of Sample 9 at
high temperature. Also, similar increasing trend was obtained in testing of Sample 7

(NisoTi30Hf20 (at.%) alloy) that was tested using higher UCT.
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Figure 4.6-4. Accumulated irrecoverable strain values determined from Actuation Fatigue
experiment conducted on HE-PN-AN NisoTi2sHfzs (at.%) samples under 200 MPa with
600°C UCT for Sample 9

Thermal hysteresis values stayed almost the same during the first 90 cycles then started
to increase in HE-PN-AN Sample 9 as shown in Figure 4.6-5. Thermal hysteresis values
increased significantly as the accumulated strain increased due to propagation of the
cracks due to oxidation. Then, transformation became harder by the increased plastic
strain over the number of actuation cycles such that higher overheating and undercooling

became necessary to observe full phase transformation.
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Figure 4.6-5. Thermal hysteresis values determined from actuation fatigue experiments
of NisoTi2sHf2s (at.%) HE-PN-AN samples under 200 MPa with 600°C UCT for
Sample 9

Crack formations were investigated by using optical micrographs taken after intermittent
actuation cycles for Sample 9 and shown in Figure 4.6-6. Crack initiations at the tip of
the pre-notch and on the surface started at 50 cycle. There were distinctive cracks at
intermittent cycles leading to fracture, however they propagated with the rate, which was
determined by taking the micrographs the same cycle optical micrographs. Observation
of several crack formations and propagations around the pre-notch and different form of
surface cracks was attributed to of the higher Hf content in NisoTi2sHf25 (at.%) alloy
compared to NisoTi30Hf20 (at.%) alloy. It has been already known that the affinity of Hf
to Oxygen is very high. Therefore, relatively thicker Hf rich oxide layer may form in
NisoTi2sHf2s5 (at.%) due to higher Hf content. Since HfO is very hard and brittle more

surface cracks might be formed [78].
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Figure 4.6-6. Optical micrographs taken after intermittent actuation cycles for Sample 9

3 distinctive cracks, which were propagated during the actuation cycles and led to
fracture, were observed in the pre-notch area, however, their propagation rates were
similar since they were in same sizes at the same cycles as can be seen in the micrographs.
Thus, to draw crack length with the number of cycle curves and to calculate the crack
growth rate, middle crack, which propagated a little faster than that of the other cracks,
was followed in length measurements during the cycles (Figure 4.6-7). Best fit curve used
to calculate the crack growth rate and its R-Squared value were also given in the figure.
It was seen that the Sample 9 had 0.661 um/cycle crack growth rate value which was
almost 9 times higher than the crack growth rates of annealed samples (Sample 5 and
Sample 6). However, SIF values couldn't be calculated properly since the pre-notch
section was highly deformed such that the shape of the pre-notch had undergone a huge
change. So, the dimensions of the pre-notch could not be measured after intermittent

cycles.
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Figure 4.6-7. Evolution of crack lengths with the number of cycles in actuation fatigue

cycling of NisoTi2sHfzs (at.%) HE-PN-AN Sample 9

Fracture surface of failed Sample 9 was demonstrated in Figure 4.6-8. Fracture
morphology of the Sample 9 which was actuation fatigue cycled using 600°C UCT
showed mainly intergranular mode with many small micro voids that can be called as cup

coned dimples.
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Figure 4.6-8. SEM Images from fracture surface of Sample 9 after actuation fatigue

experiment

4.7. Effect of UCT, Stress and Hf content on Actuation Fatigue and comparison of

actuation fatigue results

Results of actuation fatigue experiments under constant load for Sample 4, Sample 6,
Sample 7, Sample 8 and Sample 9 were shown in this section to investigate the effects of
UCT, applied stress and Hf content on actuation fatigue and crack growth behavior of the
alloys that were used in this study.

Firstly, Sample 9, which was tested on NisoTi2sHf>s (at.%) alloy, showed higher TTs
compared to NisoTi30Hf20 (at.%) alloys as expected during actuation fatigue experiments
since Hf content increases the TTs. Additionally, it could be seen that higher UCT could
result relatively unstable TTs over the actuation fatigue cycles as was seen in Sample 7

and Sample 9 that were tested using higher UCT and as was shown in Figure 4.7-1.
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Figure 4.7-1. Evolution of TTs, which were determined from Actuation Fatigue

experiment conducted on Sample 4, Sample 6, Sample 7, Sample 8 and Sample 9

Secondly, actuation strain values of the samples (Sample 4, Sample 6) that were thermally
cycled using 440°C UCT under constant load corresponds to 200 MPa stress were
decreased with the number of actuation cycles. Same decrease in actuation strain values
was observed through the actuation cycles of Sample 8 that was tested using 440°C UCT
under 300 MPa stress. This decrease was due to the plastic strain accumulation and

formation of remnant martensite with the actuation cycles.

However, Sample 7 and Sample 9 that were thermally cycled using 600°C UCT showed
increasing trend of actuation strain value. This might be due to further heating of the
samples to higher UCT which could help on some local non-transformed areas to further
transformation of martensite to austenite. Also, the increased mobility of the dislocations
by overheating could lead to the increase in the transforming volume of martensite. But,
sharp increase in the actuation strain values of both samples might be attributed to the
crack growth due to severe oxidation at higher temperatures. Also, increase in actuation
strain might lead to more crack opening and closing which actually promoted crack
growth. Many dimples had been seen on the fracture surface of the samples that were

tested using higher UCT levels due to this crack growth behavior.
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Figure 4.7-2. Actuation strain values determined from Actuation Fatigue experiment on

Sample 4, Sample 6, Sample 7, Sample 8 and Sample 9

Thirdly, when the accumulated irrecoverable strain values over the number of cycles were
investigated, all samples showed similar increasing trend of irrecoverable strain at the
beginning. However, Sample 9 and Sample 7 tested with higher UCT values exhibited a
significant amount of increase in accumulated irrecoverable strain values after running a
few actuation fatigue cycles as can be seen in Figure 4.7-3. These two samples showed

totally different accumulated irrecoverable strain trend compared to others.

Tremendous increase in accumulated irrecoverable strain values over the number of
cycles might be due to significant propagation of crack which formed and propagate with
the severe oxidation at high temperature and possible dislocation formations via phase

transformation in Samples tested using 600°C UCT.
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Figure 4.7-3. Accumulated irrecoverable strain values determined from Actuation Fatigue

experiment conducted on Sample 4, Sample 6, Sample 7, Sample 8 and Sample 9

Furthermore, distinctive effect of using 600°C UCT on thermal hysteresis could be seen
in Figure 4.7-4. There was a steep increase in hysteresis values of Sample 7 and Sample

9 tested using higher UCT. Large thermal hysteresis and a steep increase were observed

in NisoTi2sHf2s (at.%) alloys.

Thermal hysteresis values together with the accumulated irrecoverable strain increased
due to the decrease in the strength of the alloy at high temperatures. The formation and
accumulation of dislocations in alloys that have lower strength are easier. As the
dislocation density increases, more overheating and undercooling should be applied to
overcome the pinning effect of dislocations and to observe the full transformation,
therefore the thermal hysteresis increases. Additionally, the crack formation and
propagation became easier since the alloy having lower strength cannot resist to either

crack initiation or propagation as well and this leads to observe premature failure.
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Figure 4.7-4. Thermal hysteresis values determined from actuation fatigue experiments

of Sample 4, Sample 6, Sample 7, Sample 8, Sample 9

Effect of higher UCT temperature was also seen on surface crack formations from optical
micrographs that were taken after intermittent actuation cycles for Sample 7 and
Sample 9. Many surface cracks were propagated together during the actuation cycles

because of the high UCT value that caused more oxidation.

Several crack formations and propagations around the pre-notch and especially different
form of surface cracks were attributed to the increase of Hf content in NisoTi2sHf>s (at.%)
alloys compared to NisoTizoHf20 (at.%) alloys. Hf has high affinity to oxidation thus the
oxidation became easier. HfO is very hard and brittle and forms relatively uniform on the

surface which led to very high surface crack formations.
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Figure 4.7-5. Optical micrographs taken after 200" intermittent actuation cycles for

Sample 7 and Sample 9

Fracture surface SEM images of failed samples were shown in Figure 4.7-6. Fracture
morphology of the Sample 7 and Sample 9 which were thermally cycled using 600°C
UCT showed intergranular fracture surfaces mostly with many small dimples. This might
be due to higher UCT application based higher actuation strain and relatively more crack

opening-closing behavior during actuation cycling.

| Sample 7 — (NigqTizoHf5 ) = (HE-PN-AN)ycr 600+ | I Sample 8 — (Nig,TizoHf50 ) - (HE-PN-AN)00 wips ] I Sample 9 — (NigoTi,sHf 5 ) — (HE-PN-AN) e 600 o

Figure 4.7-6. SEM Images from fracture surface of Sample 7, Sample 8 and Sample 9

after actuation fatigue experiment
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4.8. Creep Experiment Results

Creep experiments were applied to HE-PN-AN NisoTizoHf> alloys at 600°C under 3
different stress conditions which were 300 MPa, 400 MPa and 500 MPa and applied by
dead weights. The magnitude of the dead weights was calculated according to the initial

cross section of the samples for the selected stress magnitudes.

Sample 10, Sample 11 and Sample 12 were held under 300 MPa, 400 MPa and 500 MPa,
respectively at 600°C. 600°C was chosen as the creep temperature since the highest
accumulated irrecoverable strain values were obtained when the alloy was tested using
600°C UCT. This was considered as a sign that 600°C UCT might cause severe creep
deformation. Each sample was detached multiple times from the test set-up at different
time intervals to obtain the optical micrographs of the surface cracks. Therefore, strain
rate curves were shown in different colors for different intervals of the creep tests which

were conducted under 3 different stress levels as shown in Figure 4.8-1.

Strain rates were calculated as strain rate per seconds. Sample 10, Sample 11 and

Sample 12 were failed after 286 minutes, 185 minutes and 16 minutes respectively.

0.04-
Sample 10
B 300 MPa Stress - 600 °C
o 003
e Sample 11
£ 400 MPa Stress - 600 °C
]
2
= 0,02—‘
| Sample 12
—1500 MPa Stress - 600 °C
0.0+ /
T T 7 T T TR | T T 1 T T T LI B B L T I
0.5 1 15 2 25 3 35 4 45 5
Time (hours)

Figure 4.8-1. Creep Experiment results showing True Strain vs Time Curves, which were

conducted at 600 °C under 300, 400 and 500 MPa initial loading.
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Almost no primary creep was observed in each tests as also found before by Tugrul et al.
[35] in creep experiments of NisoTi2sHf2s (at.%) alloys which might be due to the previous
annealing heat treatment applied to samples. By the annealing heat treatment, dislocation
formation and stress generation resulted from hot extrusion process could be
annihilated/relieved and strain hardening did not take place during holding the sample at
relatively high temperature. Secondary creep stage with linear increase in the creep strain
during these tests was taken into account to calculate the strain rates. Since Sample 12
loaded under 500 MPa stress magnitude tertiary creep started just in a short time and it
failed after 16 mins. However, secondary creep formation stage between 2 - 10 minutes
was taken to calculate the strain rate, which was found to be 1.13E-05 s!. For Sample 10
and Sample 11, steady state strain rate values were determined from the secondary creep
stage from different time intervals and steady state strain rate data of these intervals were

calculated which were shown in Table 4.8-1.

Table 4.8-1. Creep Strain Rates for NisoTi30Hf>0 (at.%) HE-PN-AN samples at 600°C

Steady State Strain Rate
Sample Number Stress (MPa) )
-
Sample 10 300 1.5103E-06
Sample 11 400 1.658E-06
Sample 12 500 1.13E-05

Optical micrographs during creep tests after several intervals were given in Figure 4.8-2
for Sample 10 which was tested with NisoTi30Hf20 (at.%) at 600°C under 300 MPa stress
magnitude and failed after 185 minutes. In creep tests different type of crack formations
was observed which were mostly initiated from pre-notch. However, due to relatively
high creep temperature the surface oxidation was severe and initiated cracks fully
propagated along the surface till the end of the other edge of the sample. It is important

to mention the crack lengths were not properly measured since the crack initiations and
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propagations were found to very chaotic. The lengths of the first two major cracks that

were shown at 130 minutes increased suddenly.

(Creep at 600 °C under 300 MPa)

130 minutes 150 minutes

210 minutes o 270 minutes

Figure 4.8-2. Optical micrographs taken after different intermittent creep experiment

times for Sample 10 tested under 300 MPa

Surface optical micrographs of Sample 11, which was tested under 400 MPa stress
magnitude were shown in Figure 4.8-3. Micrographs were taken at different intervals.
Cracks were initiated around the pre-notch and also on the surface. Surface cracks
propagated along the width of the sample gage from the first interval to the last interval,

thus crack length measurements were not properly done.
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(Creep at 600 °C under 400 MPa)

35 minutes 95 minutes
125 minutes 155 minutes

Figure 4.8-3. Optical micrographs taken after different intermittent creep experiment

times for Sample 11 tested under 400 MPa

Optical micrographs of the surface of Sample 12, which was tested under 500 MPa stress
were shown in Figure 4.8-4 after the failure of the sample since creep test was continued
only for 16 minutes in which crack formations and crack propagations could not be

followed. Wavy-like crack formations were observed after failure.
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(Creep at 600 °C under 500 MPa)

Figure 4.8-4. Optical micrographs taken after different intermittent creep experiment

times for Sample 12 tested under 500 MPa

SEM images of fracture surfaces were given in Figure 4.8-5 and Figure 4.8-6 for samples
tested under 300 MPa, 400 MPa and 500 MPa. Sample 10 showed mostly intergranular

mode fracture surface including few numbers of small dimples.

The higher applied stress magnitude led to attain higher strain rate and also affected the
mode of the fracture. Sample 12, which was tested under 500 MPa, showed transgranular
manner fracture surface. The surface was observed to relatively flat and the surface
showed a rock-candy appearance with few micro-voids. Micro-void formations may be

due to presence of oxides from which the cracks initiated and then united.
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Sample 10
(Creep at 600 °C under 300 MPa)

Sample 12
(Creep at 600 °C under 500 MPa)

Figure 4.8-5. SEM Images

from fracture surface of Sample 10 and Sample 12 which had

creep experiment at 600°C under 300 MPa and 500 MPa

Sample 11 showed intergranular manner with some dimples as seen in Figure 4.8-6.

Relatively larger sized dimples were observed in Sample 11 compared to Sample 10 due

to the increased applied stress.

Sample 11
(Creep at 600 °C under 400 MPa)

Figure 4.8-6. SEM Image from fracture surface of Sample 11 which had creep experiment

at 600°C under 400 MPa
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Strain rate increase due to the increase in the applied stress could have a significant effect
on the fracture surface appearance and fracture mode of the alloy. Increase in the applied
stress changed the appearance of fracture surface. 300 MPa and 400 MPa stress
magnitudes led to the formation of intergranular manner with the dimples on the fracture
surface and 500 MPa caused the formation of transgranular manner with flat fracture

surface.
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S. CONCLUSIONS

In this study, the main aim was to investigate effect of cyclic phase transformation on the
crack growth behavior of NiTiHf HTSMAs having 20 at.% and 25 at.% Hf content. The
studies were mainly focused on NisoTizoHf20 (at.%) alloy, however, the effect of
increasing Hf content on the crack growth with cyclic phase transformation was also
investigated using NisoTi2sHf2s (at.%) alloy. In the light of the main objectives presented
above, actuation fatigue experiments were designed and conducted on NisoTi30Hf20 (at.%)
and NisoTi2sHf2s (at.%) alloys. Additionally, crack formation and propagation behavior
of NisoTizoHf20 (at.%) alloy was also investigated via running creep experiments in the

last part of the study.

First of all, actuation fatigue experiments were conducted on Hot-Extruded with no pre-
notch (HE), Hot Extruded with pre-notch (HE-PN) and Hot Extruded with pre-notch and
then annealed (HE-PN-AN) NisoT130Hf20 (at.%), samples and following conclusions were
gathered during the tests. It is important to note that the codes of the samples were given

in the parenthesis.

Unlike HE-PN samples, HE-PN-AN coded samples showed similar crack growth rates
and trends since annealing heat treatment led to the elimination of deformation variations
caused by hot extrusion. It was previously shown by our research group that the
deformation variation was determined by observing flow lines along the cross section of
the extruded billet and this variation caused to determine different actuation fatigue
properties in the samples from the same batch [22]. Moreover, HE-PN-AN samples
showed slower crack growth rates than that of the HE-PN samples. As crack growth rates
of HE-PN-AN samples were found to be 0.077 and 0.08 pm/cycle, HE-PN samples
exhibited crack growth rates as 0.099, 0.102, 0.147 pum/cycle. That was attributed to
annealing heat treatment effect on relieving the internal stresses which were induced by

hot extrusion process.

When optical micrographs of the cracks on annealed samples (HE-PN-AN) were

investigated, it was seen that energy was spent not only on propagation of the major crack
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from pre-notch but also crack formations of several minor side cracks. However, same
magnitude of energy was spent only on propagation of the major crack, which started to
form at the tip of the pre-notch in hot extruded samples (HE-PN). Due to annealing heat
treatment, hot extrusion induced stresses were relieved and creation of new surfaces was

relatively easier by spending less energy in annealed samples.

Actuation strain values throughout the thermal cycles were found to be almost same in
HE-PN and HE-PN-AN samples. The values at the beginning were approximately 1.7%
and dropped to approximately 1.3% with the number of cycles. The work output values
should be the same for both of the alloys as well since work output can be found by
multiplying the actuation strain values with the applied stress. The same magnitude of
work output means that almost same amount of energy was spent on creating surfaces in
both types of the samples (HE-PN and HE-PN-AN). However, annealed samples
(HE-PN-AN) exhibited multiple minor cracks which were propagated with the same
crack growth rate of the major crack during actuation cycles due to easier surface creation
by using the same amount of energy as explained before. Also, it could be said that more
stable crack growth rates and crack growth behavior were observed by annealing heat

treatment during actuation fatigue cycling of NisoTi30Hf20 (at.%) HTSMAs.

In the second section of the study, actuation fatigue experiments were conducted on 2
annealed virgin NisoTi30Hf2o (at.%) HE-PN-AN samples with different test parameters.
While UCT value was set to 600°C and the stress was kept at 200 MPa stress value during
running the actuation fatigue experiment on one sample (Sample 7), stress value was
increased to 300 MPa using 440°C UCT in testing of the other sample which was called

as Sample 8.

It was seen that higher UCT resulted higher actuation strains and increase in actuation
strain would lead on more crack opening and closing behavior which might be the reason
of promoting the crack growth. This behavior led to observe many dimples and several
united dimples on the fracture surface of the failed samples tested using higher UCT.
However, main reasons of seeing totally different actuation strain, accumulated

irrecoverable strain and thermal hysteresis values and trends with higher UCT application
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were due to high amount of oxidation based surface cracks development and their
cooperated propagation and also the accumulation of dislocations in the samples, which
have lower strength at high temperatures. Therefore, transformation became more
difficult by the increased plastic strain with the number of actuation cycles with many
crack propagations. The sharp increase in thermal hysteresis was also due to the fact that,
more energy was required to overcome phase transformation that might be inhibited by

the phase transformation induced dislocations.

It could be seen that higher actuation strain values could be achieved by higher UCT
application. Having higher actuation strain might be important since these materials are
used as actuators and actuation strain value is an important performance parameter in
actuation. On the other hand, it did not provide longer fatigue lifetimes, reliable and stable

shape memory properties which are also more important in using actuators.

Additionally, higher UCT resulting severe oxidation led to develop an area around the
pre-notch with many surface cracks propagating together such that it was not possible to
follow the progress of the main crack. Furthermore, in actuation fatigue testing under 300
MPa stress, similar trends in actuation fatigue properties were determined that were also

found in the experiments conducted under 200 MPa stress and using 440°C UCT.

In addition to higher UCT effect, higher stress caused sudden failure without crack
propagation. Crack growth behavior could not be properly traced during actuation fatigue
cycling of Sample 8, since the sample showed no crack propagation during first 200

cycles but a sudden fracture was realized after next 80 cycles.

Moreover, actuation fatigue experiment was run on annealed NisoTi2sHfzs (at.%)
(HE-PN-AN) sample. Sample was tested using 600°C UCT, since NisoTi2sHfzs (at.%)
alloys have higher TTs, thus higher UCT should be used to see full transformation during
actuation fatigue cycles. First of all, it is important to mention that very severe surface
oxidation was observed possibly due to high Hf content of this alloy since Hf has a very

high affinity to oxygen and UCT was kept at 600°C throughout the cycles. More surface
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cracks were observed and this might be attributed to the hard and brittle nature HfO [78].
On the other hand, dimple formations were observed on the fracture surface since higher
UCT led to achieve higher actuation strain and relatively more crack opening-closing
behavior during actuation cycling. Also, higher crack growth rate was obtained as
“0.661 um/cycle” in this alloy because of the manner of the crack opening and closing.
Having relatively higher and stable actuation strain values in NisoTizoHf>o (at.%) in
addition to their lower thermal hysteresis values than that of NisoTi2sHf2s (at.%) alloys
could make them a better alternative for actuation application. However, both alloys
showed unstable shape memory properties in addition to shorter lifetimes when UCT was

kept at high temperatures.

Finally, creep experiments were conducted on NisoTiz0Hf20 (at.%) under 300 MPa,
400 MPa and 500 MPa at 600°C. It was primarily found that no primary creep stage was
observed in all creep curves of the 3 experiments. This might be attributed to the high
creep temperature and annealing of the samples before the creep experiments. Therefore,
it was not possible to achieve strain hardening in annealed samples at 600°C. In addition,
the creep strain rates were calculated from the secondary stages of the creep curves and
it was determined that 500 MPa caused a sudden fracture with a higher strain rate and by
quickly entering to the tertiary creep stage. It should be kept in mind that the creep
experiments can be further conducted at relatively lower creep temperatures to reveal the
crack initiation and propagation behavior of these alloys. Detailed information about
crack propagation could not be obtained because the time duration of the creep

experiments was very short.

Different types of crack formations were detected on the surface of the creep tested
samples compared to thermally cycled samples. In creep tests, crack formations started
due to the surface oxidation on the surface and high creep temperature caused chaotic
crack formations. Cracks propagated suddenly along the full width of the samples starting
from the tip of the pre-notch. Therefore, measuring the crack lengths throughout the creep
deformation was not possible. The fracture surfaces of the samples that were creep tested
were also investigated and it was found that higher applied stress led to achieve higher

creep strain rates and appearance of the fracture surface was observed to be different.
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It is already known from the literature that strain rate in addition to creep temperature
affects the fracture mode. Moderately higher strain rate could change the size and depth
of the dimples and the fracture surface became relatively flat with fewer dimple

formations when the applied stress was kept very high [79].
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