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Chapter 1. Introduction

1.1. Introduction

This Ph.D. dissertation thesis addresses the conditions and mechanisms that lead
superelastic NiTi wires to fail under cyclic mechanical loadings, termed structural fatigue.
NiTi is a very particular alloy that exhibits shape memory properties. When subjected to
mechanical loading, NiTi can reach up to 10% fully reversible strain; much higher than the
maximum elastic strain of traditional metals, which is below 1%. The superelastic behavior
of NiTi results from solid-state martensitic phase transformations, which, although very
attractive for their associated macroscopic properties, make it more difficult to understand
and predict the thermomechanical behavior of these alloys.

The structural fatigue has become one of the main topics in NiTi research since the boom
of NiTi biomedical applications in the 1990’s. However, despite the refinement of the
fabrication process of NiT1i alloys and the advances in the characterization of their properties,
achieving a stable thermomechanical response and long fatigue lives are still some of the
main concerns of the scientific community. The lack of understanding of the sources of
fatigue damage in NiTi hinders the development of life prediction models. As a result,
engineers and designers tend to use largely conservative models to predict the fatigue life of
NiTi-based devices, or simply put them under expensive fatigue testing.

The role of phase transformations in the initiation of cracks and their subsequent
propagation remains unanswered. On the one hand, martensitic phase transformations may
show full reversibility, without evidence of macroscopic damage. Moreover, they serve as
stress relief mechanisms around defects [1], playing a similar shielding role as plastic
deformation does in traditional structural alloys. On the other hand, when the material
undergoes repetitive mechanical loading involving back and forth phase transformations, it
withstands only some thousands of cycles in the best-case scenario. This fatigue performance
contrasts with the millions of cycles that one may obtain in the absence of phase
transformations. As a result, at first sight, one may blame martensitic phase transformations
for the early failure of NiTi structures, although the scientific community lacks fundamental
understanding on how the structural damage initiates and proceeds through the material.

In NiTi, the progressive fatigue damage upon loading cycles depends strongly on factors
such as stress/strain levels, temperature, alloy composition and thermomechanical history
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(to be detailed in Chapter 2). The Low Cycle Fatigue (LCF) regime in NiTi is associated to
stress-induced martensitic phase transformations, given that the material barely supports
some thousands of cycles under repetitive transformation conditions. In the High Cycle
Fatigue (HCF) regime on the other hand, the material does not evidence any macroscopic
sign of damage upon cycling. As we will detailed later in Chapter 2, fatigue studies on NiTi
have overlooked the HCF regime leading to the idea that non-transforming NiTi has infinite
fatigue life.

One of the main difficulties related to the HCF testing of NiTi is the size and shape of the
testing samples. The size of the samples used for testing biomedical NiTi oscillates in the
order of hundreds of micrometers, making it difficult to machine them into a standard HCF
geometry. Consequently, most failures of constant cross-section samples tested in the HCF
regime occur within the testing machine grips. This hinders us to draw reliable conclusions
about the fatigue of NiTi, as the actual stress/strain state at the failure spot is unmeasurable.
To face this difficulty we propose in this study to analyze the tensile fatigue behavior of
relatively larger diameter NiTi wires machined into an hourglass shape. In this way, we
intend to confine all transformation and fatigue processes into the middle volume of the
sample, making it easier to track the material structural and functional properties during
application of tensile stress cycles. Moreover, we believe that hourglass shaped samples
suppress the undesired effects of strain localization, which, as discussed in the later in
Chapter 2, has a huge detrimental impact on the fatigue life of tensile tested NiTi.

In the following sections of this introductory chapter, we present the basic concepts of
shape memory alloys. Then, we review the historical development of NiTi since its discovery.
After that, we state the purposes of this study and the procedure adopted for addressing
them. Finally, the last section of this introductory chapter presents the organization of this

document.

1.2. Generalities of Shape Memory Alloys

NiTi alloys are classified as Shape Memory Alloys (SMA), as they are capable of displaying
large reversible deformations during temperature or stress changes. This behavior is the
consequence of solid-state reversible martensitic phase transformations. The crystallographic
phases responsible for the deformation processes in SMA are known as Austenite, the hot
phase, as it is stable at high temperatures, and Martensite, the cold phase, stable at low
temperatures. The structures of both crystallographic phases vary depending on the alloy.
In NiTi alloys, the austenite phase has a CsCl-like cubic structure and the martensite B19’
has a monoclinic structure. We detail the main characteristics of these phases in the first
part Chapter 2. The phase transformations in SMA’s are diffusionless, hence they are time-
independent processes characterized by the unchanged chemical composition of product
phases with respect to the parent phase.
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Figure 1-1 Schematic representation of the temperature domains of austenite and martensite phases upon
cooling (a) and upon heating (b).

Temperature-induced transformations proceed through nucleation and propagation stages.
The nucleation of martensite crystals within the austenite matrix (forward transformation)
starts upon cooling at a temperature denoted as M,. Upon further cooling, nuclei of
martensite expand at the austenite’s expense until the entire matrix becomes martensite at
a temperature denoted as M; (see the schematic representation in Figure 1-la). During
heating, the reverse transformation starts at a temperature denoted as A, and finishes at
temperature A; (Figure 1-1b). Experimental evidence shows that My<A, consequently, phase
transformations in SMAs exhibit thermal hysteresis.

From a simplified point of view, the structure of martensite is an elongated version of the
austenite structure. Since the first martensite nuclei grow at the expense of a group of
austenite lattices, it must accommodate itself to the available space left in the matrix. Due
to this restriction, different variants of martensite develop in different directions in such a
way that their local lattice distortions do not add to macroscopic deformation. Only when
stress is applied, the martensite variants orient towards a common direction, producing large
macroscopic deformations. The interesting part of this process is that the apparent
macroscopic plastic deformation that remains after unloading martensitic sample can be
recovered if the material transforms back into austenite (upon heating). This property is
known as Shape Memory Effect (Figure 1-2a). If the SMA element is rather heated and
cooled under constant stress, there is not only the high-temperature shape that is going to
be remembered but also the low temperature one. Since the material produces mechanical
work, a thermal cycle like this is considered as an actuation cycle. This property is a variant
of the shape memory effect, often denoted as assisted two-way shape memory effect (Figure
1-2b).

Martensitic phase transformations can be also induced by stress under constant
temperature conditions. In a similar way to the process described above for temperature-
induced transformations, there exist stress thresholds that initiate stress-induced
transformations. The process is described as follows. An austenitic element transforms into
martensite at a stress threshold denoted as ¢,,;. Since the produced martensite variants are
oriented due to the applied stress, large macroscopic deformations are generated with the
transformation (see the low stiffness zone of the curve above g,,; in Figure 1-2c¢). When the
stress is relieved, martensite becomes unstable at the stress threshold o, and transforms
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Figure 1-2 a) Schematic representation of the shape memory effect. b) Actuation cycle or two-way shape
memory effect. ¢) Superelasticity. Note that, since stress is applied, the transformation temperatures My,
M,’, A, and Ay in (b) are higher than their stress-free counterparts M, M,, A, and Asintroduced back
in Figure 1-1.
back into austenite. Such behavior gives rise to the characteristic superelastic property in
SMA’s (Figure 1-2c).

The described processes involve exchanges of thermal, chemical and mechanical energy. In
an effort to describe these phenomena, Wollants et al. established in 1979 the basis of the
thermodynamic framework of martensitic phase transformations [2]. They proposed a
minimization of the amount of energy that the material can perform under the effects of
external mechanical loading. We describe the basic concepts of this framework later in
Chapter 2 (section 2.2).

NiTi is by far the most common SMA used in the industry nowadays, not only because of
its outstanding shape memory properties, but also for its good structural properties,
corrosion resistance, and biocompatibility. The most successful applications of NiTi are
found in biomedicine. Self-expanding stents for the treatment of vascular diseases,
endodontic wires for root canal treatment, and orthodontic archwires are some of the most
common devices fabricated from NiTi. We detail more about NiTi applications in Chapter
2 (section 2.4).

1.3. Historical Background and Overview

The development of Shape Memory Alloys is relatively recent compared to steel or even
aluminum alloys. The first observation of shape changes related to metallic solid-state phase
transformations was done on an AuCd alloy by Olander in 1932 [3]. Twenty years later,
Chang and Read [4] discovered that the shape changes in Au-Cd were reversible, leading to
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the concept of Shape Memory effect. Reynolds and Bever [5] did a similar discovery
concurrently on Cu-Zn alloys but observed that elastic strains shifted the phase
transformation temperatures to higher values. At the end of the 50’s, Rachinger [6]
introduced the concept of superelasticity after observations made on Cu-Al-Ni subjected to
back and forth tensile stresses at a constant temperature. The mathematical description of
the phase transformation mechanisms in SMA was first proposed by Wechsler et al. [7] and
Bowles & Mackenzie [8] in 1953 and 1954 respectively. They established the so-called
“phenomenological theory of martensitic transformations”. In 1987, Ball & James [9]
proposed an alternative theory known as the “nonlinear theory of martensitic
transformations”. Both theories permit researchers to predict the crystal phase variants
during martensitic transformations in SMA, based on the geometry of the parent and product
phases.

In 1963, despite the awareness of the properties of SMA, Buehler, Gilfrich, and Wiley [10]
misunderstood the origins of the shape memory effect on NiTi when they discovered it. It
was only until 1971 when Wasilewski [11] recognized that reversible solid-state phase
transformations were at the origin of shape memory behavior in NiTi.

The shape memory properties of NiTi, together with its good corrosion resistance,
biocompatibility, and sound mechanical properties were very attractive for the development
of engineering applications right after its discovery. However, difficulties in manufacturing
stemmed from melting accuracy, purity, forming and machining, hindered the commercial
development of NiTi-based devices. It was only until the early 1980’s when the first NiTi
devices came to light in form of orthodontic archwires [12] and human implants [13].

In the 1990’s, the biomedical industry started producing new products stimulated by the
demand for smaller and less invasive devices. In this way, products such as endodontic NiTi
files, NiTi hook wires for tumor detection, thermally deployed atrial septal occlusion devices
and thermally deployed vena cava filters started to be commercialized [14]. By the same
time, stents, devices used to scaffold diseased arteries, were born giving room to the most
commercially-important product ever made from NiTi [15].

The growing interest in industrial applications came along with an expansion of the
scientific community working on SMA. As a result, in the last thirty years, the research
community have made significant advances in terms of characterization of the
crystallographic microstructure, description of mechanisms of phase transformations,
characterization of material properties, and fabrication of NiTi alloys.

The binary phase diagram of NiTi, as it is known today, was proposed by Massalski et al.
in 1991[16]. They included the groundbreaking results from Nishida et al. [17] in 1986, who
established the chemical composition of concurrent crystallographic microstructures of near
equiatomic NiTi. However, difficulties related to the production of single crystals hindered
an early development of the fundamental crystallography theory of phase transformations in
NiTi. In 1999, Hane & Shield [18] finally achieved to calculate all the possible twinned
variants of martensite produced after phase transformation using the nonlinear theory of
Ball & James, already employed in the crystallography description of other SMA. More
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recent works, such as the one of Zhang & Sehitoglu [19] contributed with calculations of
twin systems of R-phase, an intermediate phase sometimes induced between austenite and
martensite in NiTi alloys.

Thermomechanical experimental data obtained since the discovery of NiTi allowed the
early characterization of the main phenomenological features of properties such as
superelasticity or shape memory effect. Several articles and books have been written in this
respect [20]-[22]. As a result, the deformation mechanisms responsible for the particular
thermomechanical behavior of NiT1i alloys have been identified and documented with respect
to temperature, loading type, alloy heat treatment, and alloy composition. However, there
are still some unresolved questions especially regarding the relationship between shape
memory mechanisms and crystallographic lattice damage. Consequently, the sources of the
cyclic degradation of the functional properties of NiTi, as well as their fatal failure, are one
of the present topics of debate among the NiTi research community.

The strict requirements of biomedical devices for proving safety and efficacy have pushed
researchers to investigate the fatigue of NiTi. From the often cited article of Eggeler et al.
[23], researchers approaches the fatigue of NiTi from two different perspectives: functional
fatigue, and structural fatigue. Functional fatigue addresses the degradation of the functional
properties of NiTi upon thermomechanical cycles, which means the decrease of phase
transformation strain, appearance of residual strain, changes in the strain hardening response
of the material, and shifting of its characteristic transformation temperatures. Structural
fatigue, on the other hand, addresses the number of cycles that the alloy can resist before

failure under certain thermomechanical repetitive loading.

The first studies of the structural fatigue of NiTi were carried out in 1979 by Melton &
Mercier [24], who produced the first Stress-N curves for polycrystalline NiTi bars tested at
different temperatures. However, early in the 1990’s researchers opted rather for strain-life
approaches expecting to reproduce better the in-service loading conditions on NiTi devices.
In this regard, the development of rotating-bending experiments boosted the number of
fatigue data of biomedical wires. In consequence, the majority of the fatigue curves available
in the literature corresponds to rotating-bending experiments, although most of the
characterization prior to fatigue testing is carried out by tensile tests. In Chapter 2, we detail
the most important outcomes of fatigue experiments reported in the literature concerning
the mechanisms and thermomechanical conditions leading to fatigue failure in NiTi alloys.

1.4. Statement of the Problem

The mechanisms and loading conditions that lead NiTi components to fatigue failure are
a current topic of debate. We consider that the roles of martensitic transformations and
plastic deformation remain unclear in spite of the growing amount of data concerning the
fatigue of NiTi reported in the literature in the last decade. Moreover, due to the complex
thermomechanical behavior of NiTi, we recognize difficulties to interpret the effects of
stress/strain, temperature, and microstructure initial state on the fatigue performance of

NiTi using traditional stress/strain-N curves only. Finally, we encounter that most of the
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NiTi fatigue studies focus on its Low Cycle Fatigue behavior, thus, overlooking the
assessment of the High Cycle Fatigue aspects of the alloy.

1.5. Purpose of the study

The first purpose of this study is to develop a new experimental protocol that will allow
us to better assess the fatigue performance of superelastic NiTi wires. We opted for using
hourglass-shaped samples subjected to pull-pull tensile stress cycles under controlled
temperature conditions. The hourglass geometry allows us to confine all deformation,
transformation and fatigue processes in the middle of the sample, hence avoiding the
undesired effects of localization during fatigue testing of superelastic NiTi wires. Moreover,
this shape is more suitable for evaluating the High Cycle Fatigue of NiTi as it prevents the
rupture of the sample inside the grips.

The second purpose of the study is to apply the self-heating method for evaluating the
fatigue performance of NiTi wires. The self-heating have proven efficacy as a HCF assessment
method of traditional structural alloys such as steel and aluminum alloys. This approach is
based on the assumption that local damage occurs through micro plasticity that engenders
thermal energy dissipation. By implementing this technique, we intend to contribute to the
understanding of the relationship between plasticity, phase transformations and fatigue in
NiTi alloys.

1.6. Procedures

In this document, we propose different experimental and modeling techniques to determine
how the accumulation of damage and microstructure changes proceed in NiTi components
subjected to cyclic tensile stresses.

The first part of this work focuses on the characterization of the thermomechanical
behavior of superelastic NiTi wires processed into hourglass-shaped samples. There, we
combine finite element analysis, with full field strain measurements and X-ray diffraction
experiments to obtain the stress-strain and crystallographic phase distribution in the middle
part of the samples.

In the second part, we analyze the fatigue performance of hourglass shaped samples
subjected to stress-controlled pull-pull fatigue experiments under controlled temperature
conditions. This allowed us to evaluate the fatigue behavior of NiTi in different loading
scenarios involving different phase transformation paths. We complemented the fatigue
analysis by Optical and Scanning Electron microscopy observations, in-situ infrared
thermography and ex-situ X-ray diffraction experiments.

Finally, in the last part of this document we analyze the Self-Heating response of NiTi
using infrared thermography. We perform the analysis of the recorded thermographs in the
time and frequency domains to identify patterns that might serve as indicators of fatigue

damage initiation.
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1.7. Organization of the dissertation

This dissertation is divided into four chapters. In Chapter 2, we present the state of the
art of the fatigue of NiTi alloys. For the purpose of illustration, in the beginning of this
chapter, we introduce shortly the main properties of NiTi, which position it as the most
frequently used SMA for industrial applications. Then, we describe the most important
outcomes concerning the fatigue behavior of NiTi alloys.

In Chapter 3, we start by describing the impact of the cross-section reduction in the tensile
behavior of cylindrical cross-section samples using linear-elastic and perfect-plastic
constitutive laws. After that, we describe the preparation of the NiTi hourglass shaped
samples, highlighting the impact of heat treatment on the thermomechanical response of
NiTi. Then, we characterize the thermomechanical response of NiTi hourglass shaped
samples subjected to a selected heat treatment. We complement the characterization of these
samples using finite element simulations, high-resolution x-ray diffraction, and Digital Image
Correlation (DIC).

In Chapter 4, we analyze the fatigue behavior of NiTi hourglass-shaped samples at
different temperatures with a focus on the HCF regime. There, we complement classic S-N
and Strain-N approaches with detailed observations of the fracture surfaces, in-situ detection
of crack nucleation and propagation through infrared thermography and ex-situ X-ray
diffraction.

Finally, in Chapter 5 we introduce the self-heating method. We start this chapter outlining
the study cases that demonstrate the efficacy of the method for predicting the fatigue
behavior of different materials, as well as the theoretical framework that supports the
method. After that, we detail the experimental protocol and post-processing techniques used
for applying the self-heating to our NiTi hourglass-shaped samples. We finish the chapter
showing experimental results and their subsequent analysis using one-dimensional

thermomechanical simulations.



Chapter 2.State of the Art

In this chapter, we introduce the main characteristics of NiTi alloys. In section 2.1, we
start describing the main physical metallurgy features of this alloy, including the
crystallographic aspects of its unique solid-state phase transformations. After that, we
present the macroscopic aspects of phase transformations of NiTi, which we describe using
the phenomenological framework of martensitic phase transformations. This framework will
facilitate the understanding of the thermomechanical model used for simulating the tensile
response of NiTi hourglass shaped samples later in Chapter 3. In section 2.3, we detail the
mechanical properties of NiTi alloys that makes it an attractive candidate for engineering
applications, some of which we introduce in section 2.4. We show how the lifetime
requirements of NiTi used for applications motivated a large number of fatigue studies since
the 1980’s. In section 2.5, we present the most important outcomes of the fatigue studies
published in the literature. This chapter concludes by presenting the up-to-date information
about the characterization, prevention, and prediction of fatigue failure in NiTi-based

devices.
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Structural Fatigue of Superelastic NiTi Wires

2.1. Physical Metallurgy of NiTi Alloys
2.1.1. Binary Phase Diagram

Figure 2-1 shows the equilibrium phase diagram of the Ti-Ni alloy system according to
Massalski et al.[16], taking into account the later modifications made by Otsuka and Ren
[20]. The phase diagram has a vital importance in the production of NiTi because the ratio
Ni/Ti plays a determinant role in the setup of the alloy functional properties [25]. Binary
NiTi Shape Memory Alloys are B2 intermetallic compounds located in the central part of
the phase diagram. Their composition lays between ~49.5 and 57 at. %Ni [25].

As shown in the phase diagram, the boundary of NiTi B2 phase from the Ti-rich side is
practically vertical and close to 50Ni. In the Ni-rich side, at temperatures above 650°C, the
boundary on the Ni-rich shows a positive slope, reflecting an increase of the solubility of Ni
in the B2 phase with temperature. At temperatures below 650°C, the B2 region becomes
very narrow, therefore Nickel-rich B2 compositions often exhibit some precipitation

reactions.

The characterization of the crystallographic phases in the near equiatomic NiTi region
took some time after its discovery, mainly because of difficulties regarding the production of
single crystals of NiTi. It was only until 1986 when Nishida et al. [17] shed light on the
evolution of metastable and stable phases of NiTi at different temperatures. They performed
diffusion-controlled studies on a 52 at. %Ni alloy with parallel metallography observations,
electron microscopy observations, and energy dispersive X-ray spectroscopy (EDS)
measurements. As a result, they generated the first reliable time-temperature-transformation
(TTT) diagram for NiTi alloys, which we reproduce in Figure 2-2.

The conclusions of this study permitted to define three possible scenarios of the diffusion-
controlled phase transformations in near equiatomic NiTi alloys:

a. for NiTi aged at temperatures below 680°C:-
TiNi - TiNi + Ti3Nig —» TiNi + Ti>Nis = TiNi + TiNi3
b. for NiTi aged at temperatures between 680°C and 750°C:
TiNi — TiNi + Ti>Ni3z - TiNi + TiNis
c. for NiTi aged at temperatures between 750°C and 800°C:
TiNi — TiNi + TiNis

The aging term is replaced by annealing when referring to the heat treatment of
polycrystalline NiTi, due to recovery and recrystallization processes that occur together with
precipitation reactions during the heat treatment.

The most common annealing temperatures for polycrystalline shape memory NiTi are
between 400°C-600°C, as higher annealing temperatures result in bigger grain size, which
worsens the functional properties of the alloy. For this reason, the most common phases
encountered in near equiatomic NiTi SMA are the B2 phase and TisNis phase, which appears
in the form of precipitates. Moreover, when lowering the temperature, the B2 phase can
transform into metastable monoclinic B19’ phase or metastable trigonal R-phase. The
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Figure 2-1 Binary phase diagram of NiTi alloys.

characteristics of the crystallographic phases that are present in shape memory NiTi alloys
are briefly described next.

2.1.1.1. NiTi or B2 phase

NiTi or B2 phase (Figure 2-3a) has a Cs-Cl-type B2 ordered structure with a lattice
constant ap=0.3015nm at room temperature. The B2 structure can be viewed as an ordered
BCC lattice formed by two interpenetrated primitive cubic lattices of Ni and Ti atoms. This
crystallographic phase is considered as the parent phase when describing phase
transformation processes in NiTi, also denoted as austenite.

2.1.1.2. TisNiy

TisNis are coherent precipitates that form lenticular-shaped domains as observed in the
electron micrograph in Figure 2-3d. Its lattice microstructure is rhombohedral with
parameters a=0.670nm and a=113.8°. The structure of TisNis consist of planes ABCDEF
shown in Figure 2-3d, stacked in the direction of axis {111}, of B2. TisNi, precipitates
introduce distortion inside the B2 matrix, therefore, they induce internal stress and increase
the elastic energy stored in the matrix. This increase of elastic energy may lead to a phase
transformation from B2 phase into R-phase, as detailed in later sections.

12
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Figure 2-2 Transformation-Time-Temperature (TTT) diagram of a 52 at. %Ni alloy by Nishida et al.
[17].

2.1.1.3. B19’ phase

B19’ martensite exhibits an internal twinned structure. Its lattice is monoclinic (Figure
2-3b). Contrarily to the lattice parameter of B2 phase, which is standard for binary NiTi
alloys, the lattice parameters of B19’ phase depend on the chemical composition of the alloy
and temperature. For instance, the lattice parameters reported by Hane and Shield for a Ti-
49.75at.%Ni are [18]:

- a=0.2889nm,
- 5=0.4120nm,
- ¢=0.4662nm,
- and £=96.88".

2.1.1.4. R-phase

R-phase has trigonal structure. We can perceive the structure of R-phase as an elongated
version of the B2 phase in the <111> direction as illustrated in Figure 2-3c. The R-phase
shows a deviation of the angle a from 90°C by lowering the temperature [26]. According to
Sittner et al. [27], the lattice parameters of R-phase are

- a=0.73535nm,
- ¢=0.52582-0.52759 nm (for @ between 89.57°- 89.32°).

Like the B19’ phase, R-phase shows an internal twinned structure.
2.1.2. Martensitic Phase Transformations in NiTi Alloys

Depending on the applied thermomechanical heat treatment, the B2 phase can transform
in a single step into B19’ phase upon cooling or follow a two-step phase transformation
passing first through the R-phase. A single step phase transformation is observed in the
solution treated NiTi, where precipitation reactions are avoided, while two-step phase

13
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Figure 2-3 Crystallographic phases observed in near equiatomic NiTi: (a) B2 cubic austenite, (b) B19’
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monoclinic martensite, (¢) R-phase (shown here simply as a distortion of the B2 phase in the <111>p,
direction), and (d) Ti3Nis;, which we complement here with a TEM bright field image and an schematic
representation of the lenticular-shape precipitates that this phase forms.

transformation is observed whenever precipitates or dislocations are introduced into the B2

matrix.

The intermediate phase transformation, from B2 to R-phase, is also a martensitic
transformation, which shows superelastic and shape memory properties. However, the
resulting amount of reversible deformation after B2 to R is much lower than the B2 to B19’
transformation, making it less attractive for applications.

The crystallographic calculations of B2—B19’, B2—R and R—B19’ have been tackled by
several authors in the literature using the different phenomenological theory of martensitic
transformations. In this respect, we highlight the works of Matsumoto et al. [28] and Knowles
et al. [29], who used the Wechsler et al. theory to calculate the twin variants upon the
B2—B19’ transformation and compared them to experimental diffraction information
obtained in NiTi single crystals. We should also mention the work of Hane and Shield who
performed an equivalent work using the Ball and James phenomenological theory [18], as
well as the work of Zhang et al. who used the Ball and James theory to calculate twin
variants upon B2—R—B19’ transformation [19]. We present the main outcome of these
studies in the following subsections.

14
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a) b)

Figure 2-4 Schematic representation of the B2 to B19’ transformation. The axis i, j, k correspond to the
reference axis system of the B2 lattice, while the axis i’, j’ k’ correspond to the reference axis system of
B19’ lattice. a) Tetragonal lattice depicted within four cubic lattices.

2.1.2.1. B2—B19’ transformation

For the purpose of illustration, the B2 to B19’ phase transformation is described as a series
of deformations applied to a tetragonal unit cell depicted within four cubic unit cells as
shown in Figure 2-4a. The deformations steps are:

1. shrinking of vectors [T 0 O]B2 from agy down to a,

2. shrinking of vectors [0 1 1], from V2a, down to b,
3. shrinking of vectors [0 1 1]z, from v2a, up to c,
4. shearing of the plane (0 1 1)z, in the [1 0 0]p, direction in order to create angle B .

The total number of lattice correspondence variants of martensite (c.v) that can result
from B2—B19’ are calculated as

N = rotation symmetry order of the parent phase

rotation symmetry order of the product phase (2.1)
Since B2 has rotation symmetry order 24 and B19’ has rotation symmetry order 2, the
number of B19’ martensite variants in NiTi alloys is 12. However, none of these variants can
produce a compatible interface (habit plane solution) with the B2 phase [18][29]. Instead,
the B2 lattice forms an interface with a twin arrangement of two B19’ variants. This explains
the internal twinned structure of B19’ often reported in the literature.

By using the nonlinear theory of martensitic transformations of Ball and James [9], Hane
& Shield [18] calculated 66 variant pairs of B19" martensite that can form twins, which
resulted in a total of 528 habit plane variant solutions (denoted as HPV). However, out of
all these habit plane solutions, only 24 have been unambiguously observed in experiments.

During the B2 to B19’ transformation, a negligible volume change occurs. Moreover, when
no external mechanical forces participate in the transformation process, B19’ twinned pairs
form wedge arrangements (see Figure 2-5), also known as self-accommodated martensite. In
this way, the shear deformation of individual B19’ twinned variants is canceled, which
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Figure 2-5 Schematic representation of self-accommodated wedge of B19’ twinned variants.

explains why the macroscopic shape does not change after temperature-induced

transformation.

2.1.2.1. B2—R and R—B19’ transformations

Trigonal R-phase results from a rhombohedral distortion of the cubic B2 phase matrix,
induced by the presence of precipitates, third alloy elements or dislocations. Thermally
induced B2 to R-phase transformation has been reported in NiTi alloyed with a small
percentage of Fe or Al, in aged Ni-rich NiTi alloys, and in cold worked NiTi. In near
equiatomic NiTi, dislocations and precipitates create an extra energy barrier for
transformation into B19’, making R-phase a lower energy alternative [30], [31].

R-phase has rotation symmetry order 6. In consequence, there exist four lattice
correspondence variants (c.v) of R phases (see equation (2.1)). Like B19’ martensite, R-
phase produces an internal twinned structure. According to calculations made by Zhang &
Sehitoglu [19], 36 habit plane solutions for R-phase can be obtained. Subsequent
transformation, R—B19’, results in four new B19’ habit plane solutions in addition to those
found in B2—B19’. A schematic representation of the coexistence of B2, R-phase, and B19’
is illustrated in Figure 2-6.

2.2. Thermodynamic aspects of phase transformations in
NiTi
2.2.1. Thermal hysteresis

The martensitic phase transformations in NiTi are considered as thermoelastic first-order
phase transformations. From a thermodynamic viewpoint, the driving force that governs the
nucleation and propagation of product phases is, as for the forward transformation, a
decrease of temperature or an increase of the applied stress. The thermoelastic denomination
refers to the reversible nature of phase transformation with temperature. Since phase
transformations in SMA’s involve structural distortion, reversibility is fulfilled only if no
structural damage occurs during the transformation process. This implies that the interface
between parent and product phases must be coherent and that the volume change after the
transformation are negligible. In this regard, B2/R—B19’ martensitic transformations in
NiTi, although exhibiting one of the best functional properties among SMA’s, presents one
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Twinned R-phase

Twinned R-phase

B2

Figure 2-6 Schematic representation of the coexistence of B2, R-phase and B19’ according to Zhang et
al.[19]. The individual variants of B19’ are denoted as CVy and those from R phase are denoted as CVk.

of the less coherent austenite/martensite interfaces and relatively large volume changes [32].
These interface incoherencies turn out on dissipation of energy and thermal hysteresis.

In order to describe the characteristic thermal hysteresis of NiTi alloys, we refer to the
phenomenological thermodynamic framework of phase transformations. This framework is
based on the evaluation of the Gibbs free energy potential, which consist of as chemical and

mechanical energy terms.

2.2.1.1. Gibbs free energy potential

Diffusionless crystallographic phase transformation results in an atomic rearrangement
leading to lattice distortion. Consequently, temperature-induced martensitic transformations
in NiTi can be considered as a mechanical-chemical process. This statement allows to
establish the following form of the change of mass-specific Gibbs free-energy potential of a
transforming system [33]:

AG = AH -TAS +AE, +AE, | (2.2)

The equation (2.2) is valid for temperature-induced phase transformations under constant
volume and pressure conditions. The phase transformation part is defined by the local
chemical Gibbs free energy potential: AG, ~=AH —TAS, where AH is the change of the

specific enthalpy energy, and TAS is the temperature-specific entropy change energy. The
evolution of the free chemical energy potentials of martensite and austenite with temperature
are illustrated in Figure 2-7. Since the specific entropy of austenite is higher than the specific
entropy of martensite, the chemical potential of austenite drops faster with temperature,
making it the most stable phase at high temperature. In the diagrams illustrated in Figure
2-7, the temperature T, denotes the chemical equilibrium temperature, at which the parent
and product phases would coexist if the phase transformations were merely chemical process
(i.e. no hysteresis nor transformation kinetics would be observed). Under this assumption,
the material would be in a martensite state at any temperature below 7Ty, and in an austenite
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Figure 2-7 Schematic representation of the free chemical potentials of austenite and martensite.
a)Hypothetical phase-temperature domains in the absence of elastic and irreversible energies opposing the
propagation of the transformation. b)Phase-temperature domains considering elastic and irreversible

energies.

state at temperatures above Tj as illustrated in Figure 2-7a. The expression for Ty is obtained

by evaluating the chemical equilibrium condition AG, = 0; therefore
AH
]:) = —L I (23)
AS,,

where AS, =ij‘ —Sf , and AH, =H7]f/[ —Hﬁ are the differences between the specific
entropies and enthalpies of austenite and martensite phases at Ty respectively.

The mechanical part of the process is described by two terms, AE, and AE, , which

describe the absorption /release of elastic strain energy and the sum of all irreversible energies
changes upon phase transformation respectively. Both energies oppose the nucleation and
further propagation of the product phase. Consequently, the thermal hysteresis defines the
forward and reverse transformations initiation using two different “quasi-equilibrium”

conditions:

Ao M: AGY =pAHY -TAS"Y +AE M+ AE M =0, (2.4)
M ~ A AG"" =AH" " =TAS" " +AE " +AE """ =0 . (2.5)

The elastic strain energy AEeZA”Mis stored in the system during the forward

transformation due to the elastic accommodation of distorted lattices of martensite within
the austenite matrix. As the transformation proceeds, the stored elastic energy increases and
further transformation is prohibited. Consequently, the elastic energy is a function of the
volume fraction of martensite f,. This implies that, in order to continue the propagation, an
increase of the driving force is required (i.e. a decrease of temperature). The elastic energy
accumulated during the forward transformation is fully released during the reverse

transformation, hence,

AESY(f )= =AEY(f.). (2.6)
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Figure 2-8 Effect of the Gibbs free energy terms on the transformation kinetics of solid-state phase
transformations in SMA. a)Chemical energy only. b)Chemical and elastic energies. ¢)Chemical and

irreversible energies. d)Chemical, elastic and irreversible energies.

On the other hand, the irreversible energy loses term AFE, is related to dissipation

processes such as the production of structural defects, friction heat, and acoustic emission.
It is defined as positive and often set constant during the entire forward and reverse

transformation process:

AE " =pEY 1 (2.7)

The terms AE,; and AE;, shift the transformation temperatures away from 7. As a result,
the chemical free energy experiences a “jump” when transformation is initiated (Figure 2-7b).
According to the phase equilibrium condition, the sudden change of chemical potential equals
the sum of the mechanical terms AE,; and AE;,. A graphical description of the effects of each
free energy term in equation (2.2) on the evolution of the volume fraction of martensite f,
upon a thermally induced phase transformation is illustrated in Figure 2-8.

In the case of NiTi exhibiting R-phase, the phase transformation path upon cooling can
be different to the one observed upon heating. Two situations are commonly observed, one
where the B2 austenite transforms into R then into B19’ upon cooling, and from B19’ directly
into B2 upon heating, overtaking the intermediate phase R. The other possibility occurs
when the intermediate phase transformation occurs upon both heating and cooling. The
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preference from one path over the other is caused by the interaction of thermal hysteresis

between phases couples.

2.2.2. Heat release/absorption

In first-order phase transformations, the state functions of a transforming thermodynamic
system, like specific entropy or specific volume, are not continuous at the transformation
phase boundary. In NiTi sudden entropy changes turn out into latent heat
release/absorption, which explains the endothermic and exothermic peaks observed in
differential scanning calorimetry (DSC) experiments. From the DSC experimental results
shown in Figure 2-9, we can observe that B2R, B2B19’ and R&B19’ transformations,
all release heat when the material experience a high entropy to low entropy change, and

absorb heat when the inverted entropy change occurs.

To examine the heat absorption/release of a transforming system, let us describe the
specific free energy balance over an infinitesimal step during the transformation as:

dG = dH - TdS +dE (f,) + dE, () . (2.8)

The irreversible energy term can be separated in two: irreversible heat dEZ.T_q( f) and

irreversible work other than heatdE, (f, ), i.e.
dEir (frn) = dEiT',q (frn> + dEir,w<fm> : (29)

Thus, the “quasi-equilibrium” condition dG=0 becomes equivalent to

dH - TdS +dE,(f,)+dE, (f,)+dE, (f)=0, (2.10)

which allow us to define the heat term

dq =TdS -dE, (f,)=dH +dE,(f,)+dE, (f,). (2.11)
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Figure 2-9 a) DSC results carried out on a Ti-50.9at%Ni, heat-treated at 800°C (upper graph) and 300°C
(lower graph)[31].
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Integrating over 0—f,, we calculate the heat produced during the full transformation of a

unit of mass of austenite into martensite:

~

m

Qf,)=|dqg=

S C—y

[dH +dE(f,)+dE, (f,)]

1
O i

Jm

Sy I
Ade';n + J‘ AE@Z (f;n )df;n + J‘ AEir,w (f';n )df;n
0 0

AHdf

m

1
O C—y

+AE (f )+ DB, (f) . (2.12)

For a complete transformation, assuming AE (0) =0and AE,_ (0)=0, the total heat
produced results in

Q(f,) =AH +AE (1) + AE, (1). (2.13)

The equation (2.13) shows that the heat effect of a martensitic transformation is not only
related to the enthalpy change, as commonly defined, but also to the sum of two more energy
quantities, the elastic and the irreversible work other than heat.

2.2.3. Effects of externally applied stresses — Clausius-Clapeyron

relation

Let us consider now that an external force is applied to the system, which produces the
equivalent stress ¢ and the macroscopic deformation &7, product of a stress-induced phase
transformation. Therefore, the free energy balance becomes:

AGA—oM :AHA—oM _TAsrA—oM +AEelA—~M +AEZ-TA—»1W _la-g

5 % (2.14)
where p is the density of the material. By evaluating the quasi-equilibrium condition
AG**™ =0, we can determine the external stress at the initiation of the phase

transformation by:

o= (AH -TAS Y 4 AE Y + AR ). (2.15)

A-M
gT

As a result, the effect of temperature on the stress needed to initiate the transformation o

is:
do AS AH
—=-p—==-p—— . 2.16
37 pr pTofT (2.16)

The equation (2.16) is known as the Clausius-Clapeyron relation. It expresses the
transformation temperature dependence on the external stress. The relationship (2.16)
becomes constant if we assume that AS =S* —S" and AH = H* - H" are temperature-
independent variables, which implies that the heat capacities of martensite and austenite
phases are equal. As a result, the relationship between stress and the transformation

temperatures is often considered as linear.
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Figure 2-10 Schematic representation of the stress-temperature-phase diagram of a NiTi alloy showing the
stress-temperature domains of B2, R and B19’ phases.

The phenomenological thermodynamic framework allows us to describe the three phase
transformations pairs observed in NiTi alloys: B2 « R, B2 o Bl19'and R « B19'. Since
the deformation caused by each transformation and the specific entropies and enthalpies of
B2, R, and B19’ phases are different, the heat quantities and Clausius-Clapeyron slopes for
each transformation are unequal. To give an order of magnitude of the Clausius-Clapeyron
slopes of the phase transformations in NiTi, we refer to the values reported by Stachowlak
& McCormick in [34] for a cold-worked Ti50.2at.%Ni alloy:

Z—; =6.4MPa | K | Z—; = 156MPa /K, and %2 =56MPa/K

B2 - B19' B2-R R - B19'

This kind of characterization allows us to construct stress-temperature-phase diagrams as
the one illustrated in Figure 2-10. Since the Clausius-Clapeyron slopes depend on the
macroscopic transformation strain &7, the stress-temperature-phase diagram changes
according to the preparation of the alloy. Note that, for a particular alloy, we may avoid the
stress-induced B2—R transformation by increasing the temperature, regardless of the
identification of R-phase in DSC curves.

2.3. Mechanical Properties of NiTi alloys

The mechanical response of NiTi combines stress-induced phase transformations with
other deformation mechanisms such as B2, B19’ and R-phase elasticity, B19’ and R-phase
detwinning, and B2 plasticity through dislocation slip. All these mechanisms are stress and
temperature dependent, making complex their characterization and modeling. In this section,
we show the impact of these mechanisms on the mechanical response of NiTi and describe
some of their most relevant characteristics.

2.3.1. Detwinning of B19’ and R-phase

Detwinning occurs mainly when self-accommodated arranges of habit plane variants
(HPV) of R or B19’ phases are subjected to stress at temperatures below M; and Ry
respectively. The applied stress causes twin boundary motion and reorientation of HPV's in
such a way that the sum of individual crystal distortions, instead of being canceled,
contribute to deform the NiTi sample. Consequently, upon removal of the stress, residual
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Figure 2-11Tensile stress responses showing the detwinning of B19’(a)[35] and R-phase (b)[36].

deformation remains on the sample (see Figure 2-11). Only by heating the sample above A
then cooling it down, the self-accommodated structures are recreated and the deformation
reversed. This phenomenon allows the shape memory effect.

Detwinning is characterized by two stages. In the first stage, we observe a stress plateau,
which allows deformations up to ~3% in the case of B2—B19’ transformation (Figure 2-11a)
and ~0.3% in the case of B2—R transformations (Figure 2-11b). In the second stage, the
material exhibits a more pronounced strain hardening response, as observed clearer in the
B2—R transformation curves shown in Figure 2-11b. Twins boundaries in R-phase are more
mobile than those in B19’ martensite, hence it is substantially easier to move twins in R
than in B19’. The yield stresses (plateau stresses) for R-phase are about 5-25 MPa while in
B19’ are between 50-250MPa. Both yield stresses decrease by increasing the temperature as
illustrated in Figure 2-11.
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Figure 2-12 Characterization of the elastic modulus of austenite and martensite of a polycrystalline NiTi
wire/bar upon tension/compression loading (extracted from Sittner et al. [37]).

2.3.2. Elasticity
2.3.2.1. B2

At temperatures above Aj; the mechanical response of NiTi shows a linear-elastic
behavior. The elastic properties of B2 phase are considered as isotropic for polycrystalline
NiTi, which is explained by the high symmetry of its crystallographic structure. Common
values four the elastic modulus of austenite (E,) are about 70-80GPa (see Figure 2-12).

2.3.2.2. B19’

The elastic modulus of B19” martensite has been a matter of debate for many years. From
a macroscopic point of view, the internal twinned structure that characterizes the B19’ phase
makes it anisotropic, dependent on the texture of the material. Moreover, the monoclinic
structure of B19’ itself is highly anisotropic due to its lower symmetry. In textured
polycrystalline NiTi, like annealed cold-drawn wires, it is commonly reported that the elastic
modulus of B19” upon compressive stresses doubles the elastic modulus upon tensile stress
(se for example Figure 2-12). The typical values of the tensile elastic modulus of B19’
martensite for polycrystalline cold-drawn NiTi wires are about 20-50GPa [20], [21], [37].

2.3.2.3. R-phase

The elastic properties of R-phase are as complicated to extract as B19’ martensite.
Moreover, the characteristic distortion of the lattice angle of R-phase upon stress or
temperature changes, together with detwinning phenomena, makes it difficult to correlate
crystal elastic constants with macroscopic values measured by mechanical testing. Sittner et
al. [27] have shown that the elastic constants of R-phase evolve with temperature and stress
(both in magnitude and direction).

The typical values of the tensile elastic modulus of R-phase (Ex) for polycrystalline cold-
drawn NiTi wires are about 30-40GPa [38]-[41]. These values are usually measured using

24



Structural Fatigue of Superelastic NiTi Wires

600r ] 500 |
R-phase /
500 contribution .
— 400 ]
400 -
e & 300 1
S 300 ] s
~ & 200 1
© 200 | =
100 100 _
0l L L ! L L 0 L L L 1
0.000 0.002 0.004 0006 0.008 0.010 0.000 0.005 0.010 0.04 0.06
el- el -
a) b)
— 800F (o — 80010
S 0°C o Omt
S 600} = 600r o
= — rev
) 0 Y e f
g 400 g 400,
% 200 i 200f 60°C
1 1 1 1 1
0 . o 1 2
Strain [%] Strain [%]
d)

c)
Figure 2-13 Superelastic tensile responses of NiTi. a) B2—R—B2, b) B2—»R—B19’—»B2 [38], ¢)
R—B19°—R, and d) B2—B19’—-B2 [39].

Hooke’s Law (E = ¢/¢) on nearly linear elastic parts of tensile curves (see for example Figure
2-13a&c).

2.3.3. Stress-induced phase transformations & superelasticity

Unlike detwinning, stress-induced phase transformations allow recovering large
deformations by relieving the stress applied to the material (no need for heating up the
material after deformation). The stress-induced phase transformations are the base of the
superelastic behavior of SMA. The material shows superelastic behavior when loaded under
isothermal conditions at temperatures above Ry’ for alloys exhibiting R-phase, and above Ay

for alloys without R-phase.

The deformations associated with the B2—R transformation can go up to 1%, while the
deformations associated with the B2/R— B19’ transformation can go up to 10%. The stress-
induced transformation paths observed upon superelasticity are:

- B2—>R—DB2,

- B2-B19’—B2,

- B2—-R—B19"—+R—B2,
- B2—-R—B19’—B2,

- R—B19’-R.
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The stress-strain curve of NiTi exhibiting B2—+R—B2 is illustrated in Figure 2-13a. In
this loading regime, we observe a progressive loss of stiffness upon loading. The forward
transformation thresholds g,; is often defined at the inflection point of the loading curve.
After the B2—R transformation starts, the material experiences a continuous distortion of
the R-phase lattice angle @ and R-phase detwinning, which turns out in the transition zone
between linear B2 and R elasticities. B2—R— B2 transformation exhibit hysteresis of about
5-10MPa, much smaller than the one of the B2/R—B19’ transformation.

B2—B19’—B2, is observed at temperatures far above R; or in alloys without R-phase.
The upper stress-plateau, starting at o,,, in Figure 2-13d, depicts the evolution of the
forward phase transformation. The reverse transformation, on the other hand, starts at g,
and proceeds through the lower stress plateau. Since the R-phase transformation is avoided,
the material shows linear elasticity of B2 phase prior to the upper transformation plateau
and after the lower transformation plateau completion. The hysteresis in the case is much
greater than in B2—R—B2 transformation, being in the order of 200-250MPa. Unlike
B2—R—B2 transformation, the forward B2—B19’ and reverse B19’—»B2 proceeds
heterogeneously in constant cross-section tensile testing samples. Large deformation bands
are produced instants before the stress plateau, which propagate until the end of the stress
plateau. The behavior is similar to localized plastic deformation bands observed in low
carbon steels and certain Al-Mg alloys. This phenomenon will be detailed in the next

subsection.

R—B19°—R shows similar characteristics to B2—+B19’—B2 transformation path: upper
and lower constant stress plateaus, similar hysteresis values and deformation localization.
However, due to detwinning of R-phase, residual strains remains after unloading (Figure
2-13c).

The two-step transformation paths B2—-R—B19°-»R—B2 and B2—R—B19’—»B2
combine the three transformation paths described before. However, in most cases, due to the
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Figure 2-14 Stress state of grains in the vicinity of a localization band upon stretching a 0.1mm NiTi wire
[42].
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large hysteresis of the B19" transformation, the resulting stress upon the reverse
transformation is too low to stabilize the R-phase. Consequently, the B2—-R—B19’—B2
(Figure 2-13b) path is more commonly encountered in experiments.

2.3.3.1. Deformation localization

Localized deformation bands have been reported upon stress-induced phase
transformations into B19’ martensite in NiTi samples using full-field deformation
measurements [43]—[45]. These bands, not only introduce a heterogeneous deformation field
but can induce high gradients of temperature in the sample, affecting the superelastic
properties of the material [46].

We illustrate the strain localization of a wire tested in tension in Figure 2-14a. Upon the
transformation plateau, the material divides into austenite (A) and martensite (M) regions.
While the region A sees a deformation equivalent to the deformation at the beginning of the
plateau (1%), region M sees a deformation equivalent to the end of it (9%). When the sample
is elongated, the martensite region grows at the expense of the austenite region whilst the
strain of the two regions remains unchanged until the end of the stress plateau.
Consequently, the nominal strain plotted in stress-strain curves is only an average of the
deformation of the two regions weighted by their volume fractions of austenite and

martensite.

So far, this heterogeneous distribution of strain-phases has been reported in polycrystalline
NiTi alloys, and not in any other SMA. They have been observed under tensile and bending
stress in NiTi wires, thick bars, ribbons, plates, tubes, and sheets. In each case, the geometry
of the martensitic bands changes: ~55° tilted martensitic bands has been reported in tensile
tested ribbons and thin sheets [43], helix-like forms in tensile tested tubes [47], straight lines
perpendicular to the tensile load axes in wires and bars [45][42], and sawtooth-like forms in
bended tubes [44].

More recently, 3D-XRD synchrotron studies carried out on NiTi wires under tension have
shown that the B2—B19’ transformation, apart from occurring locally and causing high
deformation gradients, also generates considerable stress concentration at the band front
[42]. In this study, the authors showed that the equivalent stress in the austenite part of the
band front was almost twice the nominal stress (see Figure 2-14b). Moreover, they showed
that the stress at the band front is far from uniaxial due to strain compatibility conditions.
All these facts may lead to a misinterpretation of the real mechanical state of NiTi
components subjected to mechanical loading, which represents a challenge for design of NiTi-
based devices and engineering models.

2.3.4. Plastic deformation through dislocation slip

One of the conditions needed for developing thermoelastic martensitic transformations in
a SMA is that the internal stress generated by the transformed martensite lattices does not
exceed the slip resistance of the austenite matrix. If the externally applied stress exceeds the
slip resistance of austenite, the rate of elastic energy accumulated in the material decreases
as the plastic deformation through slip relieves the internal stresses. Moreover, slip
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Figure 2-15 Transmission electron microscopy images showing the presence of dislocations produced after
phase transformations in NiTi. The left-hand side shows dislocations in the austenite domains [48]-[53].
The right-hand side shows dislocations appearing in the martensite domains [54], [55]. This figure was
extracted from the review paper of Chowdhury et al. [56].

dislocations create new interfaces, which may increase the surface energy needed to nucleate

new martensite lattices.

Upon the application of stress at high temperatures, the large amount of energy needed
for overcoming the phase transformation energetic barrier results impossible to achieve as
the external stress applied to the material is relieved through the plastic deformation of
austenite. As a result, NiTi shows a temperature threshold above which, upon the application
of stress, plastic deformation develops before the stress-induced phase transformation could
be initiated. This threshold is commonly denoted in the literature as M,.

From the beginning of the 2000s, an increasing amount of research has focused on the
interaction between plastic deformation through dislocation slip and phase transformations
in NiTi. Chowdhury et al. extensively review the most recent advances made in this matter
[56]. In this review paper, the authors highlight the use of transmission electron microscopy
and computations at the atomistic scale using density functional theory (DFT) to
characterize the dislocation slip systems in different SMA. In Figure 2-15, we reproduce one
figure from the Chowdhury et al. article, which shows transmission electron microscopy
evidence of the appearance of dislocations upon B2—B19’ phase transformation in the
austenite and martensite domains. Ezaz et al, using atomistic scale simulations, determined
the magnitude of the shear stress needed for activate each of the possible six dislocation
systems in NiTi austenite, which results in values larger than 2GPa [57]. The authors
associate the appearance of dislocations during the phase transformation to the large strain
that the austenite must accommodate upon the evolution of martensite. On the other hand,
the slip in martensite has been less often reported in the literature. Quantitative and more
detailed qualitative analysis of the dislocation systems in NiTi martensite is still missing.
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Figure 2-16 Stress-temperature-phase diagram for NiTi including B19’ detwinning and plasticity
boundaries.

These remarks, together with the Clausius-Clapeyron slopes for phase transformations,
allow us to build a complete stress-temperature-phase diagram as the one illustrated in
Figure 2-16, which defines the domains of phases and deformation mechanism. This diagram
is distinct for each NiTi alloy as it depends on variables such as composition,
thermomechanical heat treatment, and loading history.

2.4. Applications of NiTi

Soon after the discovery of the shape memory properties of NiTi in thel960s, there was a
great deal of commercial interest in these alloys, mainly because it showed better mechanical
properties than previous discovered SMA. However, the applications based on NiTi started
to emerge only in the 1990’s with the boom of medical devices. Nowadays, applications of
NiTi can be found in fields such as robotics, civil engineering, aeronautic and automotive.
According to the type of load supported by the alloy, the applications of NiTi are generally
divided into three main groups: constrained-recovery, actuation, and superelastic.

2.4.1. Constrained-recovery

The constrained-recovery category refers to the applications where force is generated due
to a motion constraint of a SMA device upon phase transformations. NiTi-based devices
such as heat-recoverable couplings, heat-to-shrink fasteners, and dematable connectors, work
under this principle. In Figure 2-17, we illustrate the working mode of a NiTi coupling for
tubing. The NiTi coupling is first deformed in martensite state so its internal diameter results
slightly larger than the external diameter of the tubes for assembling. Upon warming, the
coupling shrinks due to thermal expansion and the reverse transformation into austenite.
When the coupling enters in contact with the surface of the tubes, the deformation is
constrained and the coupling radial stress increases; thus, sealing the tube connection.
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Expanded couplings have an inside As the coupling warms and recovers
diameter slightly larger than the tube it swagers on the tubing generating a
outside diameter highly reliable metal to metal seal

Figure 2-17 NiTi tube couplings [58].
2.4.2. Actuation

In the actuation mode, a NiTi device shrinks and expands upon heating and cooling under
the application of external forces. In this mode, the chemical/thermal energy of the phase
transformation is transformed into mechanical work. For this reason, SMA-based actuators
can be considered as thermal actuators. They can be controlled using radiating, conductive,
inductive or resistive heating systems. Resistive heating is the most widely used control
mode for NiTi devices as it results in more homogeneous and faster responses [59].

Actuators based on SMA show a higher power-to-weight ratio compared to other actuating
technologies such as DC motors or gas turbines [59]. Moreover, their motion is carried out
without the need for friction mechanisms or vibrating parts, allowing for smaller, cleaner
and more silent devices. NiTi actuators are used in applications such as bone lengthening
devices [60], soft robotics [61] and heat engines [62].

However, SMA-based actuators are limited by their poor structural fatigue performance.
Depending on the maximum actuation stress/strain, temperature, and alloy heat treatment,
the lifetime of SMA actuators can change dramatically. Table 2-1 shows an example of the
lifetime restrictions for commercial NiTi actuators according to their strain and stress
outputs [59].

2.4.3. Superelastic
2.4.3.1. Stents

The best example of a superelastic medical device fabricated in NiTi is the self-expanding
stent (Figure 2-18). Stents are devices used to scaffold or brace the inside circumference of
tubular passages inside the body, such as the esophagus, biliary duct, and blood vessels
including coronary, carotid, aorta and femoral arteries. Blood vessels self- expanding stents
are manufactured at the vessel diameter (or slightly above). They are shrunk into a

Cycles Maximum Strain [%] Maximum Stress [MPa]
1 8 500
100 4 275
10 000 2 140
100 000 + 1 70

Table 2-1 Estimates of the lifetime of a NiTi actuator according to its strains and stress outputs. This
table was extracted from [59).
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Figure 2-18 NiTi self-expanding stents. a)Stent shrinking inside a sheath previous to placement procedure.
b)Deployment of a stent inside a blood vessel. ¢)Schematic representation of the loading path of a self-

expanding stent during installation and operation.
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Figure 2-19 a) Endodontic file for tooth root canalization.

retractable sheath, which is mounted on a catheter. Upon the insertion procedure, the
surgeon introduce the catheter into the body with the assistance of fluoroscopy or x-ray
images to guide the placement of the stent. Once the stent is in place, the surgeon deploys
it by removing the cover sheath (images 2 and 3 in Figure 2-18b). As the stent tries to return
to its original shape due to its intrinsic superelastic behavior, it applies pressure towards the
vessel walls (image 4 in Figure 2-18b). The applied pressure guarantees the overture of the
vessel and therefore the correct circulation of blood.

Schematically, the loading path followed by the stent can be viewed as superelastic cycle
interrupted at the lower stress plateau (see Figure 2-18c). Once the stent is placed and
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deployed, it is subjected to repetitive small amplitude loadings at frequencies varying
between 40Hz and 120Hz. Stents, like other medical implants, are designed to sustain at
least 600 million of cycles [63].

2.4.3.2. Endodontic files

NiTi alloys are also very popular materials for manufacturing endodontic files. Compared
to their stainless steel counterparts, NiTi has the higher torsional strength and can display
larger reversible strokes, which is ideal for following the shape of a tooth canal. The
popularity of NiTi among dentist and biomedical engineers has grown especially in the last
decade due to significant advances in the microstructure control of the alloy and
manufacturing techniques [64].

Endodontic files are subjected basically to torsional and cyclic rotary bending stresses,
although due to their particular shape, very complex multiaxial stresses can be generated
inside the files [66]. The distribution of stresses depends on many factors such as dentist
skills, use of engine-driven instrumentation, the shape of teeth canals and material
properties. Torsional and fatigue are reported as the most common causes of failure of
endodontic files made in both stainless steel and NiTi [67]-[69]. Nevertheless, there is a
perception among dentist that fracture incidence with rotary NiTi instruments is more
frequent [70]. Moreover, failure in NiTi instruments is usually categorized as “unexpected”,
since visible warnings of potential fracture, such as permanent deformation, are hard to
detect. For this reason, recent studies on the subject have focused on looking for alternatives
to improve the fatigue and torsional resistance of NiTi files. In what respects material
properties enhancements, a new range of NiTi instruments showing a more pronounced R-
phase region has started to be promoted among dentist. The companies producing R-phase
endodontic files claim that these instruments have a better fatigue performance [70].
However, the fundamental role of R-phase in the fatigue behavior of NiTi alloys is not yet
understood and barely tackled in the literature.

2.4.3.3. Dampers for civil engineering structures

Due to their high damping capacity, environmental resistance, solid-state actuation and
high power density, dampers for civil engineering purposes based on superelastic technologies
are one of the most promising non-biomedical applications for NiTi. Conventional dampers,
mainly those based on low yield stress elastoplastic materials, are allowed to dissipate energy

Stay Cable Dissipated
T>A¢ Energy

A

Bridge

Superelastic
SMA Damper

Strain

Figure 2-20 Prototype of a superelastic damper for stay-cable bridges using NiTi wires [65].
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Figure 2-21 Operation of a prototype of elastocaloric device made of superelastic NiTi plates [72].

at the expense of plastic deformation, under the presumption that such deformation can be
tolerated by the structure. By using superelastic NiTi instead, plastic deformation can be
reduced substantially while keeping a high rate of dissipated energy.

A prototype of a bridge cable damper designed by Peignet et al. [65] is illustrated in
Figure 2-20.

2.4.3.4. Elastocaloric devices

Elastocaloric devices are a new cooling technology based on martensitic phase
transformations of SMA. Since NiTi alloys show one of the highest latent heat
production/absorption upon phase transformations (leading to adiabatic temperature span
of more than 20K [71]), it has become an ideal candidate for the task. The schematic of the
elastocaloric device prototype proposed by Tusek et al. in [72] is illustrated in Figure 2-21.
It consists of parallel elastocaloric plates made of NiTi, a hot heat exchanger (HHEX), a
cold heat exchanger (CHEX), a heat-transfer fluid, a fluid displacement system, and an
actuator to load and unload the NiTi plates.

The elastocaloric device shown in Figure 2-21 works as follows. First, the actuator load
the NiTi elastocaloric plates inducing the forward martensitic transformation. Heat-transfer
fluid, flowing to the hot heat exchanger HHEX, evacuates the heat produced by the plates
upon the transformation. The cooling action occurs when heat-transfer fluid is pumped
towards the cold heat exchanger CHEX at the same time as the plates are unloaded, inducing
the reverse transformation. These operational steps are repeated to maintain low the
temperature at CHEX.

Like other applications that use NiTi elements subjected to repetitive superelastic cycles,
the structural and functional fatigue of NiTi are the main drawbacks that has slowed down
the development of solid-state SMA elastocaloric devices.

2.5. Fatigue of NiTi Alloys

After the paper of Eggeler et al. [23], researchers has tackled the fatigue of SMA from two
different perspectives: functional fatigue and structural fatigue. The former refers to the
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Figure 2-22 Functional fatigue exhibited by NiTi alloys upon thermal cycles [73].

degradation of the functional properties of the material during repetitive thermal or
mechanical cycles such as reduction of transformation strain, transformation temperatures
shifting, transformation hysteresis reduction, appearance of irrecoverable strain, etc.
Structural fatigue, on the other hand, refers to the initiation and propagation of cracks in
the material that leads to fatal failure during repetitive mechanical loading. Both approaches
are of great interest to the NiTi community as they determine the safety and efficacy of
NiTi-based engineering applications. In the following sections, we introduce the main aspects
of the functional fatigue of NiTi alloys. Then, we detail the up-to-date findings concerning
the structural fatigue of NiTi alloys.

2.5.1. Functional fatigue
2.5.1.1. Temperature cycles

The cyclic instability of the shape memory effect upon thermal cycles under constant stress
(actuation cycles) is an often problem reported in the literature [73]-[75]. The commonly
observed phenomena over cycles are (Figure 2-22):

- the decrease of the thermal hysteresis loops,
- the increase of the martensite start temperature (Ms),
- the decrease of transformation strain, and

- an irrecoverable (plastic) strain.

The cyclic instability of the shape memory effect in NiTi SMA has been attributed to local
plasticity through dislocation slip caused by incompatibility between austenite and
martensite phases during transformation [51]. The local plastic deformation modifies the
stress in the matrix at the point that residual martensite is retained after heating [76].
Consequently, residual martensite-austenite interfaces lower the driving force needed for the
forward transformation in subsequent cycles, justifying the increase of temperature M.
Moreover, the reported changes in the strain-temperature response of NiTi are magnified by
increasing the applied stress.

34



Structural Fatigue of Superelastic NiTi Wires

2.5.1.2. Stress cycles

Upon repetitive superelastic cycles, the stress-strain response of the material also varies
considerably. Similar phenomena to the ones listed for actuation cycles are often reported in
the literature [77]-[79]:

- decrease of the mechanical hysteresis,
- decrease of the stress needed for the forward transformation oy,
- irrecoverable (plastic) strain,
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Figure 2-23 Functional fatigue of NiTi upon tensile stress cycles [77].
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- strain hardening behavior change (distortion of the plateau-like stress-strain
response),
- the decrease of the transformation strain.

These changes evolve exponentially with the number of cycles until the stress-strain
response is finally stabilized. Moreover, thermomechanical heat treatment, resulting in
different grain size and precipitates density, has proven to have a significant impact on the
evolution of the superelastic response of NiTi with cycles [49], [78]. To illustrate the impact
of grain size in the cyclic response of NiTi, Figure 2-23 shows experimental results obtained
on cold-worked 100pm wires prepared by different electric power pulse heat treatments [77].
As shown, bigger grain sizes resulted in more dramatic functional properties drop, although
sooner stress-strain response stabilization (Figure 2-23b). The authors attributed this
behavior to high slip dislocation density observed in bigger grain size wires (>200nm) (see
TEM bright filed images comparison in Figure 2-23a). Since small grain size provides higher
dislocation slip resistance, nanosize grain NiTi components are preferred for applications.

Together with dislocations, residual martensite is often reported upon superelastic cycles.
This phenomenon seems to be a consequence of the resultant residual stress generated due
to plastic deformation in the austenitic matrix[80]. However, the interaction between phase
transformations and plasticity is still one of the main matters of debate nowadays.

2.5.2. Structural fatigue

The structural fatigue of NiTi is similar to classic metal fatigue in the sense that the
number of cycles until rupture (lifetime) is the most important failure parameter. The
mechanical fatigue of traditional metals is divided into low-cycle (LCF) and high-cycle
fatigue (HCF), as they show different deformation and cyclic damage mechanisms. The
yielding point of the material often defines the transition between these two regimes.
Lifetimes of samples loaded above the yielding stress are considered in the LCF regime, as
they differ by orders of magnitude with lifetimes of samples loaded below the yielding stress,
which belong to the HCF regime. However, applying such definition to NiTi alloys is less
straightforward due to its complex thermomechanical behavior.

Stress-induced Phase Transf.
Superelasticity

LCF 2

Stress

-
>

Strain
Figure 2-24 Definition of the low cycle (LCF) and high cycle (HCF) regimes for superelastic NiTi.
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As we discussed in previous sections, NiTi exhibits several yielding points: martensite
detwinning, stress-induced B2—R and B2/R—B9’ transformations, and B2 and B19’ slip.
All these yielding points and their related deformation mechanisms depend on temperature,
alloy composition, loading path, and thermomechanical heat treatment. However, for reasons
of simplicity, we decided to define the transition point from HCF and LCF at the phase
transformation stress o, for superelastic NiTi (Figure 2-22).

Since the most attractive properties of NiTi alloys involve stress-induced phase
transformations, less attention has been paid to the characterization of the HCF properties
of superelastic NiTi in fatigue studies. Consequently, the mechanisms leading to failure in
the “elastic regime” of NiTi are still unknown, and most of the existing failure models
proposed in the literature are based on Coffin-Manson fatigue relationship, applicable for
large strains only. Moreover, HCF requires large number of testing hours, special sample
preparation, and carefully conditioning of experimental setups, which might discourage
researchers to address this matter.

2.5.2.1. Commonly used experimental setups

The development of NiTi-based endodontic files for tooth root canalization in the late
1980’s motivated the study of the fatigue of NiTi wires using rotary bending tests (Figure

.. . Guide
Nitinol wire —e

Bushing

Rotating
motor
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Figure 2-25 Experimental setups used for evaluating the fatigue of NiTi. a)Rotary bending system. b)Diamond
shaped samples using for evaluating the fatigue of NiTi stents [81]. ¢)Reduced cross-section samples.
d)Snubbing gripping device used for fatigue testing of thin wires. In this example the red zone of the wire was
trained before the fatigue testing introducing a “virtual cross-section reduction” [82].

37



State of the Art

2-25a). Since then, a good amount of Strain-N curves has been reported in the literature
showing the fatigue behavior of straight wire samples [83]-[86] and endodontic instruments
[67], [69], [87]. Rotary bending experiments, although allowing a good characterization of
endodontic files under nearly operation conditions, underestimate the surface strain in
straight wire samples since it is calculated using the theory of pure bending of linear-elastic
beams. However, due to the simplicity of the experimental setup and the possibility of
applying high loading frequencies, rotary bending is today one of the most common methods
used for evaluating the fatigue of NiTi wires.

Another common industrial-aimed fatigue experimental setup is the cyclic bending of
laser cut “diamond” shaped samples (Figure 2-25b). This sample shape intends to mimic the
cyclic loading conditions of laser cut stents. The calculation of the stresses and strain in the
diamond is usually carried out using standard SMAs mechanical models implemented in
Finite Element software suites. This type of approach results attractive for evaluating the
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Figure 2-26 Fatigue curves of NiTi wires showing the effects of the temperature. a)Stress-life
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lifetime of real devices, but the complexity of the local mechanical state upon loading hinders
the understanding of the mechanisms and conditions leading to fatigue failure in NiTi.

The fundamental characterization of the fatigue of NiTi is carried out mostly using cyclic
uniaxial tests. One of the main difficulties of tensile cyclic testing of NiTi elements using
standard deformation rigs is the localization of the fatigue failure inside the rig clamps.
Consequently, cross-section reduction samples are commonly employed for cyclic testing such
as flat and cylindrical dog bone samples (Figure 2-25¢). In the case of NiTi thin wires, cross-
section reduction samples result difficult to manufacture. From our experience, the failure
of thin wire samples upon fatigue loading is very often located at the clamping points, which
cast doubts on the real stress and strain conditions leading to the fatigue failure. Researchers
have tried to overcome this issue by using capillary clamping [90], microstructure gradients
obtained through special heat treatments, and local material training (Figure 2-25d) [82]. In
this work, we propose to assess the fatigue of @1.78mm wires carefully manufactured into
hourglass-shaped samples, which is the recommended shape for high cycle fatigue testing of
metals [91]. This sample geometry was used for fatigue tests of NiTi in the pioneering work
of Melton and Mercier back in 1979 [92], however, since then, no more fatigue studies have
been conducted using this kind of samples.

2.5.2.2. Classic fatigue approaches

The multiplicity of deformation mechanisms that characterizes the NiTi behavior makes
it difficult to compare fatigue performances based on S-N (or Strain-N) fatigue curves only.
For example, due to differences in elastic properties and yielding stress, martensitic samples
may exhibit better fatigue performance than austenitic samples in terms of the applied strain,
but worse in terms of the bearable stress. Of course, for engineering applications, the choice
of one criterion over the other depends on the loading conditions of the NiTi device. However,
this particular fact leads often to misinterpretations upon analysis of the impact of
crystallographic phases, deformation mechanisms, temperature, heat treatments, and
stress/strain ratio in the fatigue performance of NiTi. Such is the case of studies that
compare the fatigue behavior of samples with different transformation temperatures or
samples tested at different temperatures with respect to Ay [24], [86], [88], [89]. For instance,
in Figure 2-26 we show two fatigue studies obtained by stress and strain life approaches
using tensile and rotary fatigue testing respectively. In the stress-life approach (Figure
2-26a), the fatigue performance of NiTi at 80°C outperforms the fatigue performance at lower
temperatures. In contrast, the samples tested at lower temperatures using the strain life
approach (Figure 2-26b) shows better fatigue performance than the ones tested at higher
temperatures. Since the temperature change implies different deformation mechanisms upon
loading, we can deduce that samples tested at 80°C and 50°C in Figure 2-26a, and AT =
25°C samples in Figure 2-26b involved austenite elastic loading and superelasticity, while
the rest of the samples might involve martensite detwinning, martensite elasticity and partial
superelasticity. In these studies, the lack of information about the thermal history of the
samples and the rest of transformation temperatures renders more difficult the analysis.
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Figure 2-27 Influence of the mean strain on the fatigue performance of NiTi. a)Elastic and transformation
regimes (replotted from [93]). b) Biphasic regime (replotted from [94]).

In the superelastic regime, due to the forward and reverse transformation stress plateaus,
the impact of the stress amplitude, mean stress, strain amplitude, and mean strain in the
lifetime of NiT1i is more difficult to evaluate. Some studies like [94], [95] have reported that
the tensile mean strain enhances the fatigue resistance of NiTi, contrarily to what happens
in traditional alloys. However, other studies have proven differently. For instance,
experimental results reported in [93] (Figure 2-27a), show that higher mean strains resulted
in worse fatigue performance, whereas results reported in [96] (Figure 2-27b), show better
fatigue performances when the mean strain was equal to the strain at the middle of the stress
plateau. These discrepancies might be caused by differences in the experimental protocols
adopted in each study. While the results reported in [94]-[96] focused on mean strains in the
stress plateau (as in Figure 2-27b), with ongoing martensitic transformation, the results in
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[93] included austenite elastic loading and martensitic transformation onset (Figure 2-27a).
As a result, we may conclude that mean strain has a significant impact on the fatigue of

NiTi, but show different trends according to the loading regime under which the material is
loaded.

2.5.2.3. Special features of fatigue life curves

A more recent study [97] revealed some interesting aspects of the effects of mean-strain
and loading scenario in the fatigue of NiTi. In this study, the researchers assessed the tensile
structural fatigue of superelastic NiTi in three different strain regimes under same stress

conditions: elastic austenite, austenite to martensite transformation, and elastic martensite.

_&\c: 7 "unloading M" phase
2 e 6 PR 2t
g ¢ d T
w a 5004
cs] K < | 1]
© p
B 4] ,‘ "loading M" phase 3400 / / /III
s o o 300
g 31 @
= \ = 200 . .
£ ;
E 24 \ - A ;,)M\JSU g 100{ /
o Sl = TESmxm=mamass <D- Z f
Z : T ) 0k - v \
1x10° 2x10°* 3x10* 4x10° 0 1 2 3 4 5 6 7
Fatigue life A/, Nominal strain € (%)
a)
100
~
o\o 10
e
\.w } _
10 100 1000 10000 *»,100000
N
b)
sl = Ti alloy average [Meggiolara] |
® Pseudoelastic ¢ycling, 25 "C |
* (120 MPa <a, <518 MPa) |
& Pseudoelastic gycling, 37 °C 4
4+ (251 MPa <o, < 561 MPa) o
L 3 B Pseudoelastic cycling, 50 "C
™ (455 MPa <0, <733 MPa) ]
3l A Austenitic cycling, 37 °C

W Martensitic cycling, 37 °C

Ag (")

Figure 2-28 Special features of S-N and Strain-N curves in NiTi. a)C-shaped S-N curve obtained in NiTi
flat samples [97]. b)Z-shaped Strain-N curve obtained upon rotary bending fatigue of NiTi wires [98]. c)
Constant life time upon deformation in the strain plateau [82].
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Their results showed that austenite and martensite elastic regimes outperformed the fatigue
performance of transforming NiTi samples. Consequently, the resulting Strain-N curve
showed a very unusual C-shape (Figure 2-28a). In the case of transforming NiTi, fatal cracks
were found in zones were the characteristic localization bands of tensile loaded NiTi
appeared. Based on x-ray resolved stress at the band front previously shown in Figure 2-14,
we may deduce that the local stress in the case of transforming NiTi was much higher than
in the elastically loaded cases, which resulted in earlier fatigue failure.

The localized nature of the deformation of NiTi contrasts with the nominal strain values
showed in NiTi Strain-N curves. As a result, the lifetime obtained in the transformation
region is apparently independent of the applied strain amplitude. Such is the case of the
Strain-N curves of rotary bending and tensile-tensile fatigue tests of wires shown in Figure
2-28b and Figure 2-28c¢ respectively. The peculiar z-shaped trend of the Strain-N curve in
Figure 2-28b even shows that in a range of 1-10% strain amplitude, longer lifetimes are
obtained by increasing the applied strain. In Figure 2-28c, tensile-tensile fatigue of
superelastic NiTi wires (referred as pseudoelastic in the legend of the figure) shows same
lifetimes (10*) regardless of the temperature and stress level attained upon cycling. Moreover,
results in Figure 2-28c show infinite lifetimes upon elastic loading of austenite and

martensite.

The apparent detrimental effects of the martensite transformation on the fatigue life of
NiTi as well as its heterogeneous behavior may induce earlier fatigue failure in samples with
constant cross-section. These detrimental effects are maximized in the clamping points
during cyclic tensile testing. Failure inside the machine clamps might lead to a large
underestimation of the fatigue strength of the material, and to an increase of the fatigue
data scatter.

2.5.2.4. Fatigue damage mechanisms

The mechanisms responsible for the fatigue failure of NiTi in the LCF regime are
commonly related to the mechanisms behind its functional fatigue, i.e. dislocation slip
plasticity and retained martensite. On the other hand, we found very little evidence in the
literature concerning the failure mechanisms in the HCF regime. We consider that there is
a lack of knowledge on how cracks initiate and propagate when the amplitude of the applied
loading remains beneath the stress need for B19’ martensite phase transformation.

So far, we have found only one study that addressed the material structural damage after
a high cycle fatigue loading of superelastic NiTi [99]. In this study, the authors cycled in
tension a dog bone 50.8at.%Ni flat sample in strain control conditions reaching a maximal
stress of ~300MPa (Figure 2-29a), ~100MPa lower than the martensite stress plateau. The
sample was obtained from a cold rolled sheet annealed at 600°C for 30min. The authors
studied the damage of a sample loaded in pull-pull tension (stress ratio R=0) at 0.25% strain
amplitude at a frequency of 20Hz. The sample was subjected to 2x10° cycles, then, ex-situ
TEM analyses were performed. For comparison purposes, the initial microstructure of an
equally prepared sample, observed under TEM, is presented in Figure 2-29¢ and the TEM

42



Structural Fatigue of Superelastic NiTi Wires

350
3001
T 2501
£ 200
o 100
504

8 8
t

tre
Peak stress (MPa)
8

:

8

00 02 04 06 08 1000 10000 100000
Strain (%) Number

a) b)

C) d)

Figure 2-29 HCF failure mechanisms in NiTi [99].

of the cycled sample is shown in Figure 2-29d. The authors evidenced that the elastic
austenite loading region produced short slip dislocations, which they related to the subtitle
material softening observed after 2x10 cycles (see decrease of the maximal stress attained in
b). After the high cycle fatigue, the authors did not evidence residual martensite.

2.6. Summary

In this state-of-the-art, we tackled the main properties of NiTi alloys. We pointed out that
most commercial NiTi wires as the ones we use for this work, are susceptible to develop R-
phase, as they exhibit microstructures with high dislocation density produced upon cold
work together with precipitates, which grow upon annealing the alloy at temperatures
between 400°C and 500°C. As a result, commercial NiTi exhibits a multiplicity of
deformation mechanisms, which depend on temperature, thermomechanical heat treatment,
and loading history. Such a diverse mechanical behavior renders difficult the assessment of
the structural fatigue of NiTi. We consider that the use of classic fatigue approaches for
describing the fatigue behavior of NiTi needs to be carried out taking into account factors
such as the testing temperature, loading regime, preparation of the alloy, and of course stress
and strain values. Based on the presented experimental evidence, we draw the following
conclusions and remarks concerning the structural fatigue of NiTi alloys:
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- NiTi shows an accelerated fatigue wearing when the stress-induced B19’ transformation
regime is entered. In contrast, elastic loaded NiTi, either in austenite or martensite state,
might exhibit infinite life. Experiments show that even when superelastic NiTi is
preloaded at high strain levels into the martensite regime, and then fatigued at small
loading amplitudes, the resulting fatigue lives are comparable to elastically loaded
austenite.

- The heterogeneous nature of the B19’ phase transformation in tensile tested NiTi cast
doubts on the strain and stress values reported in S-N and Strain-N fatigue curves.
Moreover, the strain localization in superelastic NiTi might be responsible for the well-
known, but not often reported, accelerated failure of samples within the clamping system
of fatigue machines.

- During superelastic phase transformation, the fatigue damage seems to be concentrated
to the interface between austenite and martensite phases.

- The structural fatigue performance of NiTi is temperature dependent. However, there is
still no certainty that this is caused by a change of the deformation mechanisms induced
by the temperature or an effect of the temperature itself.

- The austenite-to-martensite transformation introduces dislocation slip, which is
responsible for the so-called functional fatigue of NiTi. Dislocation slip might be also
responsible for structural LCF damage. On the other hand, cyclic elastic loading of
austenite might produce short dislocation slip like in other structural metals upon low
amplitude repetitive loading. This may explain the rarely reported failure of austenite in
the HCF regime.

- The heat treatment affects the fatigue behavior of NiTi alloys either by modifying their
transformation temperatures or by affecting their polycrystalline microstructure (grain
size, defects, precipitation). As result, the conclusions drawn from HCF studies of NiTi
usually mixed the role of the polycrystalline microstructure with the effects of temperature
and crystallographic phase transformations.
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Chapter 3. Tensile Behavior of
Hourglass-Shaped NiTi

Samples

In this chapter, we analyze the thermomechanical behavior of hourglass-shapes used for
assessing the fatigue performance of NiTi wires. The chapter is divided into four sections.
First, we present an analysis of the stress distribution in the progressively reduced cross-
section of the samples. For this purpose, we used an isotropic-elastic and perfect plastic
constitutive laws. We emphasize on the impact of the sample shape on the stress
concentration and triaxiality ratio in the mid cross-section. In the second part, we present
the material used for the fatigue study. We start by showing the material response of as-
received cold-drawn wires and the impact of annealing temperatures on the
thermomechanical behavior of the samples. According to this evaluation, we chose the heat
treatment used for fatigue tests presented later in chapter 4. In the third section, we describe
the confined deformation/transformation processes occurring upon tensile loading in the mid
cross-section of hourglass-shaped samples using Digital Image Correlation (DIC) and
Synchrotron source x-ray diffraction. These experimental results permitted us to fit an SMA-
suited thermomechanical model, with which we evaluated the impact of phase
transformations on the stress in hourglass-shaped samples. This detailed description of the
mechanical and chemical processes that take place during tensile loading of NiTi laid the
groundwork for the fatigue analysis presented in the next chapter. The last section
summarizes the main aspects to consider when using hourglass shaped samples for fatigue

assessment of NiTi wires.
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3.1. The hourglass shape

The hourglass-shaped samples used in this study have a progressive circular cross-section
reduction introduced by a U-shaped groove of radius ¢, as illustrated in Figure 3-1a. There,
the radius of the original wire is denoted as 7, and the radius of the mid cross-section is
denoted as 1;,. The main experimental setup that we used for evaluating the mechanical and
fatigue responses of hourglass-shaped samples consisted of a tensile testing machine allowing
force or displacement constraints, and a clip-on extensometer. The experimental boundary
conditions upon tensile testing were defined either in terms of the applied tensile force or in
terms of the elongation of the extensometer, gauge length of which was delimited within
planes A and B, perpendicular to the sample’s axis as shown in Figure 3-1b. The initial
gauge length L¢ in Figure 3-1b is defined as the initial distance between the arms of a clip-
on extensometer attached to the sample, and ug; as the elongation of the gauge length upon

tensile loading.

Next, we evaluate the impact of sample geometry on the distribution of the stress and
strain along the reduced cross-section zone. First, we develop an analytic expression for the
calculation of nominal stress and strain from the force and extensometer elongation data,
assuming an isotropic-elastic material behavior. After that, the analytical solution is
contrasted with an equivalent finite element solution. Finally, the changes of the stress
distribution upon a strong material nonlinearity are subjected to analysis. For this, we

carried out finite element simulations using a perfect-plasticity constitutive law.

The study cases presented next are valid for wire diameters between 1-2mm, radius
reductions (7,,/7.) between 0.5-0.9 and a groove radius 7 equal to 10mm. These geometric
conditions cover the range of testing samples used during this research work.

3.1.1. Linear-Elastic Response

3.1.1.1. Analytical solution

Due to the mid-plane symmetry of hourglass shaped samples, we consider only a half of a
sample subjected to the tensile force F as shown in Figure 3-lc. The coordinate z is
introduced at the mid cross-section in the same direction as the axis of the sample. Assuming
that the axial stress is uniformly distributed over the cross-section A(z) at a fixed value of
z, the stress and strain tensors for an isotropic elastic material, with Young Modulus equal
to E and Poisson’s ratio v, in cylindrical coordinates simply reads

0 0 0
o= o 0 , (3.1)
sym 0 0
and
—vo [E 0 0
£= o |E 0 (3.2)
sym -vo |FE

zz

47



Tensile Behavior of Hourglass-Shaped NiTi Samples

F v

t

Upper Grip

—~N— : u,
i TUg| ; | T T T
: | P
; | rs(2)

i “ |_G > <Mid cross-section Le/2 >

= | TZ Lo .

i ! z A

E V B; \““ Ln
i P (

| 3 7777 7r
Lowef Grip |

Load Cell

a) b) c)

Figure 3-1 a) Geometry of hourglass-shaped samples. b) Experimental boundary conditions used during
characterization and fatigue tests of hourglass-shaped samples. ¢) Boundary conditions and geometry used

for carrying out an analytical solution for stresses and strains in the gauge length L.

where

o.(2)= (3.3)

F
A(z)
The circular cross section A(z) is equal to mrZ, being 7y the radius of the cross-section along
the z axis. The radius 7; is a function of z, which can be written as

. [ 2_ 2
0<z<L, : 1,(z)==\r"—2"+r +r

(3.4)
Ln <Z<LG : rx(z):rw

As it can be deduced from equations (3.3) and (3.4), the distribution of the axial stress
along the axis z depends on the geometry of the sample, defined by the parameters r,, r.,
and 7. The effect of the radius reduction and wire radius on the axial stress distribution
illustrated in Figure 3-2a. Here, the axial stress distribution along the z-axis is plotted for
different combinations of wire diameters between 1-2mm, groove radius equal to 10mm, and
radius reductions (1, /7,) between 0.5 and 0.9.

The axial stress at the mid cross-section is solely determined by the radius r,. On the
other hand, the wire radius 7, determines the axial stress gradient in the groove. For same
radius reduction, larger wire radius 7, results in longer groove length, which allows for lower
gradients of axial stress along z axis (Figure 3-2¢). From equation (3.2), we can deduce that
higher gradient of axial stress produces higher gradient of radial strains as well (=va,,). This
causes shear stresses in the sample’s surface, which are not contemplated by the analytical
solution but will be analyzed later using finite element analysis.
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Figure 3-2 a) Axial stress distribution in hourglass-shaped samples of different wire diameters and radius
reductions. The axial stress across the cross-section was normalized with respect to the stress in the straight
part of the samples. The maximum stress increase at the mid cross-section is plotted in terms of the radius
reduction in (b). Figures in (c¢) show the effect of the wire radius on the axial stress gradient in the groove

zone of hourglass shaped samples.

With the definition of the axial stress along the z-axis, a half of the elongation of the gauge
length of the samples (u,), in response to the applied force F, can be calculated by integrating
the axial component of the strain (3.2) in the z direction:

L,/2 F LC/Z 1
u(L, /2)= I £ dz =— ~dz
0 e g r(z)
(3.5)
= i C+ i i - L
e 7“1“2 2 "
where
L, L,
c=| 12dz:j L dz . (3.6)
0 7(2) 0

2
(W—mrw)
n t

We addressed the resolution of (3.6) numerically using the commercial mathematical
computing software MATLAB. For a fixed groove radius r¢, equal to 10mm, and wire radius
Ty between 1-2mm, the evolution of C' with respect to the radius reduction 1n,/n, in a range

between 0.5-1 is plotted in Figure 3-3a.
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Based on this group of solutions, we propose an alternative procedure for calculating C,
consisting in approximating the curves in Figure 3-3a by a cubic polynomial

C=4(n/r) +A,(n/r,) + A5 /r, +4,. (3.7)

The polynomial constants As, As, A;, and Ay show a quadratic evolution with 1/7,,, as it is
illustrated in Figure 3-3(b-e). Using polynomial fitting, these polynomial constants read

A, =-17.91(1/r, ) - 51.73/r, +12.3
A, =44.82(1/r, ) +120.24/r, -30.84
A =-40.76(1/r,) - 117.38/r, +28.14
A, =13.95(1/r,) +40.13/r, - 9.65.

The polynomial approximation of C'is valid only for r; = 10mm, wire diameters between 1-
2mm, and radius reduction n, /7, between 0.5-1.

Finally, the elongation of the entire gauge length resulting from the application of the
axial force F' can be written as

u, =2u (L, /2) 2721_1;{0 +%(i—Ln):|. (3.8)

Solving (3.8) for F, we can also calculate the reaction force resulting from an elongation

ug; as follows:

C=4,(n/r,) +4,(n/r,) +Ar[r, +4,

50 = _
= — T_ 400 =
‘£ -100 RS £ "
25 | E ~_ H )
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Figure 3-3 a) Evolution of term C with respect to the radius reduction ratio (r, /r,). The evolution of C was
approximated by a cubic polynomial, the constants of which evolve quadratically with respect to 1/7, as
shown in (b-e).
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gl
r

Loy
w 2 '

7B
1
C+—

We can calculate the Young’s Modulus F from a linear load vs extensometer elongation

LH ]

Equations (3.8) and (3.9) allow us to calculate the elastic response of hourglass shaped

response using the following expression:

E:_2F C+i i_
T, rwz 2

(3.10)

samples upon a monotonic tensile loading from force or displacement imposed boundary
conditions. This solution assumes that the stress is uniform in the cross section A (z) and did
not take into account the section reduction due to the radial and transverse components of
the strain tensor.
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Figure 3-4 Mesh convergence study for elastic simulations of tensile loaded hourglass-shaped samples. a)
Boundary conditions used for the simulation. b) Meshes used for comparison. ¢) Nominal stress vs
displacement results showing the very small differences between the analytical and the different meshed finite
element solutions. d) Axial stress distribution at the mid cross-section evaluated using the meshes presented in

(a).
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Next, we contrast this analytical solution with finite element calculations, which also will
allow us to analyze the distribution of the different components of the stress tensor in the
groove zone of hourglass shaped samples.

3.1.1.2. Finite element solution

In order to analyze the evolution of the stress components of hourglass-shaped samples
subjected to a monotonic tensile loading, we implemented an axisymmetric isotropic elastic
model in ABAQUS-Standard, a commercial software suite for finite element analysis. In this
way, we assessed the stress state of the material and the uniformity of the axial stress in the
cross-section of the samples stated in the analytic solution.

The elastic material parameters, Young Modulus, and Poisson’s ratio, used in the
simulations were E=70GPa and v=0.33. The simulations were carried out using built-in
ABAQUS elements type CAX4R. These elements are 4-node bilinear axisymmetric
quadrilateral with one gauss point (reduced integration). They possess two degrees of
freedom, the displacements in the axial direction u,, and the displacements along the radial
direction u,.. The boundary conditions for the simulations are illustrated in Figure 3-4a. Note
that we simulated one quarter of the axisymmetric plane of the samples only. In order to
simulate a monotonic loading, the axial displacement u, of a control node (referred as RP
in Figure 3-4a) was constrained to the axial displacement of the nodes in the upper surface.
Then, force or displacement constraints were imposed to RP. The simulations were carried
out using the ABAQUS formulation for large displacements and rotations.

To begin with, we carried out a mesh convergence study. For this purpose, we performed
simulations of a force controlled tensile loading on a sample of 1, = 0.5mm, 7, = 10mm and
1, = 0.25mm, with four different mesh sizes. The samples were meshed in such a way that
the cross-section contained 5, 10, 15, and 20 elements, keeping the height of the first element
row equal to 0.03mm (Figure 3-4b). An incremental force F was applied to node control RP
until the maximum nominal axial stress at the mid cross-section (F/(mr2)) was equal to
100MPa. After that, we evaluated the differences in the mechanical responses and the axial
stress distribution at the mid cross-section of the sample.

Figure 3-4c-d show that the differences between the results obtained from coarse and fine
meshes are negligible. Finer meshing, however, allows better spatial distribution of the
material data points in the sample. The mechanical response in Figure 3-4c, shows a linear
relationship between the applied nominal stress g,,,;,, and the resulting displacements u,,
which barely differs from the analytical solution developed in the previous section. Hence,
we may conclude that the cross-section reduction in hourglass shaped samples, for the
simulation conditions studied, does not introduce geometric nonlinearities to the mechanical
response. With respect to the axial stress distribution in the mid cross-section, as illustrated
in Figure 3-4c, the resulted stress value in the sample axis was ~1% lower than the nominal
stress and ~1% higher at the sample’s surface, which is due to stress concentrations related
to the shape of the groove.
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In order to assess the impact of the geometry on the stress tensor components in hourglass-
shaped samples, we carried out similar simulations (nominal stress up to 100MPa) on
samples with 1, varying from 1-2mm, r; = 10mm and radius reductions 1, /%, between 0.5-
0.9. The simulations were carried out using the 10-element mesh showed in Figure 3-4a.
Moreover, in order to evaluate the stress state of the material we calculated in each

integration point the triaxiality ratio M defined as
=2 (3.11)
eq

where p and o, are the hydrostatic pressure and the von Mises equivalent stress respectively.
The stress tensor of this axisymmetric problem in cylindrical coordinates reads

g g 0
rr rZ
oc=|o. o 0|, (3.12)
2r zz
0 0 g,
therefore,
(3.13)
and
m / T
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Figure 3-5 Axysimmetric simulation of an hourglass-shaped sample using a isotropic elastic constitutive law.
We show contour plots of the stress tensor components in the studied plane of hourglass-shaped samples of
%y = 0.5mm and radius reductions between 0.5-0.9. Upon the simulations, the samples were subjected to a
nominal axial stress of 100MPa. a)Axial stress. b) Radial stress. ¢) Transverse stress. d) Shear stress. e)
Triaxiality ratio.
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Figure 3-6 Axial stress (a) and triaxiality ratio (b) distributions at the mid cross-section of hourglass shaped
samples (1, = 0.5mm,r, = 10mm,and r,/ 1, = 0.5 — 0.9) obtained from finite element simulations of a tensile
loading up to 0y9;, = 100MPa. The radius in the abscissa of both curves was normalized to 7,.

_ 2 2 2 2
O-eq - \/0-1'7' + azz + 0-99 - azza-'r"r - 0-2:20-99 - 0-990-77' + 30—7'2 : (3’14)
Note that a uniaxial stress state implies 0.4 = 0,, and p = —0,,/3, therefore M = 1/3.

Figure 3-5 shows the distribution of the axial, radial, transverse, and shear stresses, and
the distribution of the triaxiality ratio M in one quarter of the axisymmetric plane of
hourglass-shaped samples. As observed, apart from the axial stress heterogeneity at the mid
cross-section previously shown in Figure 3-4d, radial, transverse and shear stress are induced
along the groove zone during tensile loading. On the one hand, positive radial and tranverse
stresses are induced in the groove zone (see Figure 3-5b&c). Higher magnitude radial stresses
are observed towards the axis of the sample, while transverse stresses seem to be
homogeneous throughout the groove zone. At the mid cross-section, where the nominal axial
stress is the same for all the five cases, Figure 3-5b reveals that higher radial and transverse
stresses are induced in samples with larger radius reduction ratios (7,/%y).

With respect to the shear stress distribution, as observed in Figure 3-5¢, higher magnitudes
were calculated in the surface of the groove zone. The maximal magnitude of shear stress
was found in the case where 1,/1,=0.7, and the minimal when 1,/7,=0.9. At the mid cross-
section, the shear stresses become close to zero, hence in this zone the radial, axial and
transverse stresses can be considered equivalent to the principal stresses gy, 05, and o03.

The uniaxiality condition assumed by the analytical response was evaluated using the
triaxiality ratio contour maps in Figure 3-5d. Triaxiality ratios closer to 1/3 in the groove
were obtained for smaller radius reduction ratios 7, /r,. This is explained by the fact that

smaller radius reduction ratios resulted in lower values of radial and transverse stresses.

At the mid cross-section, we observe that the axial stress is maximal at the sample’s
surface, and that the triaxiality ratio is more distant from 1/3 at the sample’s axis (Figure
3-6). Consequently, the material at the surface is closer to a pure uniaxial stress state than
the material in the axis of the sample, but it is subjected to higher axial stresses. The increase
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of the axial stress at the surface of the sample is commonly evaluated using the stress
concentration factor Ky, defined as

g
= Do (3.15)

nom

th

In order to have a full view of the impact of the geometry on the stress concentration
factor Ky, similar simulations as the ones presented in Figure 3-5 were performed on samples
of radius 7, between 0.6-1.0mm. The resulting stress concentration factors were calculated
for each case and gathered together in Figure 3-7a. The evolution of the stress concentration
factor Ky was plotted with respect to 1:/(21,) with the aim of keeping the same format of
stress concentration curves found in the literature [100]. As observed in Figure 3-7a, for the
sample dimensions studied, the stress concentration factor is dependent only on the ratio
r:/(21,); as a result, for a fixed value of groove radius r, = 10mm, the smaller the radius of
the sample at the mid cross-section, the lower the stress concentration factor. The limit
values of the increase of the axial stress at the surface with respect to the nominal stress
were ~1.2% and ~4.2% respectively (Figure 3-7a).

On the other hand, the evolution of the maximum triaxiality ratio at the mid cross-section,
(placed at the axis of the sample as shown in Figure 3-6) with respect to 1:/(2r,) shows a
similar evolution as the stress intensity factor curves. Here again, the stress state at the mid
cross-section gets closer to 1/3 when the radius of the mid cross-section is smaller.

In conclusion, the progressive reduction of the cross section induces a tridimensional stress
state in hourglass-shaped samples. However, for the samples geometries and elastic
parameters utilized, at the mid cross-section, the nominal stress differs scarcely some
percentage from the actual maximal axial stress. At the surface of the mid cross-section of
the sample, even though the material is subjected to higher axial stresses, it gets closer to a

pure uniaxial stress state.
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Figure 3-7 Stress concentration factor (a) and maximum triaxiality ratio (b) at the mid cross-section of
hourglass shape samples with 7, between 0.5-1mm, 7, equal to 10mm and 1, /7%, between 0.5-0.9.
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3.1.2. Non-linear material behavior

The previous results are valid only under isotropic elastic material conditions. Now, in
order to evaluate the effects of a material non-linearity on the mechanical response and the
stress components of tensile loaded hourglass-shaped samples, a simulation was performed
using a classical metal plasticity model.

The material model used for the next simulation determined plastic yielding based on the
von Mises criterion. After yielding no hardening was included (perfect plasticity case). The
yield stress was 90MPa, and the elastic parameters were the same as the ones used in the
previous section, E =70GPa and v = 0.33. The constitutive response of the material is shown
in Figure 3-8. The simulation was performed using displacement constraints to the control
point RP (see Figure 3-4a). The sample dimensions chosen for this simulation were 1, =
0.5mm, 1, = 0.3mm, and 1; = 10mm, and the mesh size was the 10-elemnt mesh shown in
Figure 3-4b.
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Figure 3-8 Perfect plasticity constitutive law.
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Figure 3-9 Simulation of the tensile response of a perfect-plastic hourglass shaped sample. a) Force-
displacement macroscopic response. b) Evolution of the yielding zone. c-g) Stress tensor components
distribution in the groove zone. h)Triaxiality ratio distribution.

56



Structural Fatigue of Superelastic NiTi Wires

yieldingOeq Ozz Oprr 099 Opry M [-]

Tnom [-‘I 2t a}
3

u,[um] Initial shape

Strain scale factor: 200
Figure 3-10 200x strain scaled contour plots of the stress tensor components upon plastic deformation (stage

2). The color maps are kept the same as previously in Figure 3-9.

The mechanical response of the sample shows a bilinear behavior as observed in Figure
3-9a. The response is linear up to the yielding stress indicated by the point 1. The yielding
nominal stress indicated on the macroscopic response of the sample coincides with the plastic
yielding at the surface of the mid cross-section (see Figure 3-9b). Upon further stretching,
the plastic zone spreads, first towards the sample axis, then along the groove zone as
indicated by the yielding region corresponding to point 2 in Figure 3-9b. During the plastic
zone propagation, the equivalent von Mises stress keeps being maximal at the sample surface,

reducing quadratic alloy towards the sample axis (Figure 3-9c).

The mid cross-section reduction induced by the large radial plastic deformation causes a
shear stress o,, concentration zone just beneath the interface between yielded and non-
yielded zones (Figure 3-9g). The magnitude of the shear stress reaches a much higher
magnitude than in the elastic case, reaching up to 7% of the nominal stress at the mid cross-
section. In addition, positive and negative radial and transverse stresses zones are generated
at the sample axis (Figure 3-9e), both reaching up to 12% of the nominal stress magnitude
at the mid cross-section. The positive radial and transverse stresses coincide with the
maximal axial stress zone in the axis of the sample at the mid cross section. This reveals
that the material near the sample axis in the mid cross section is subjected to high
hydrostatic pressure, which increases the magnitude of the triaxiality ratio up to almost 0.5.
In contrast, the material above the yielded zone, near the sample axis, is subjected rather to
high deviatoric stresses (von Mises stress), reducing the triaxiality ratio down to 0.2 (Figure
3-9h). The impact of plastic deformation in the change of the shape of the sample can be
visualized better in Figure 3-10, where we scaled the deformation at the stage 2. The complex
stress state of the material in the middle of the sample is consequence of the pronounced

cross-section reduction and the compatibility of strain.

Before contrasting the presented results with the mechanical behavior of NiTi hourglass-
shaped samples, we describe in the next section the main characteristic of the NiTi alloy
selected for fatigue testing. The characterization of the thermochemical behavior of the

selected NiTi is presented later in section 3.3.

3.2. Material of the study
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Tensile Behavior of Hourglass-Shaped NiTi Samples

3.2.1. Cold-drawn NiTi wires

We selected a commercial cold-drawn 1.78mm diameter NiTi wire made by Fort Wayne
Metals Ltd. (FWM) from a medical graded alloy denoted as NiTi#1 [101]. FWM certified a
wire diameter tolerance of +0.0254mm, final cold work of 41.1%, and ~50.9 at.%Ni. The full
chemical composition of the alloy is given in Table 3-1.

As described next, cold-drawn NiTi wires do not show superelastic, nor shape memory
properties. It is only by applying adequate thermomechanical heat treatments that the
characteristic shape memory behavior of NiTi is given to the wires. Next, we start by
characterizing some of the mechanical properties of as-received cold-drawn NiTi wires. Then,
we describe the manufacture of hourglass shaped samples and the influence of

thermomechanical heat treatment on their thermomechanical tensile response.

3.2.1.1. Tensile response

Cold-drawn NiTi wires were tested in tension at different temperatures using a servo-
hydraulic tensile testing machine INSTRON 8855 equipped with a 25kN load cell. 60 mm
straight wire samples were cut from the as-drawn wire, then clamped into the machine using
mechanical action flat wedge grips. The gauge length was established at 40mm. The load
cell and the lower grip body stayed stationary during the tensile tests while the upper grip
moved vertically. In addition, we used a 10mm gauge length clip-on extensometer attached
to the sample for better assessment of the strain during the tests. The tests were performed
under controlled temperature conditions using a thermal chamber EUROTHERM 3500. We
tested individual samples at 40°C, 60°C, and 80°C.

Each tensile test consisted of four loading-unloading ramps carried out at a constant strain
rate of 5x10*s! controlled by the clip-on extensometer. The maximum strains attained on

Ni Ti C Cr Cu Co Fe H O
55.98 Bal 0.026 0.0037 0.00039 0.0002 0.0097 0.003 0.0255

Table 3-1. Chemical composition of studied NiTi wires certified by FWM, the provider of the wires. The
values are expressed in wt.%.
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Figure 3-11. Tensile responses of cold-drawn NiTi#1 wires at 40°C(a), 60°C(b), and 80°C(c).
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each loading ramp were 0.5%, 1%, 2%, and 4%. The stress vs strain curves resulted from
these tests are shown in Figure 3-11.

The tensile responses of as-drawn NiTi wires, at first sight, exhibit an elastoplastic-like
behavior. Upon the 0.5% and 1% max. strain loading-unloading cycles, the behavior is
practically linear with no residual strains after unloading. Only after the 2% max. strain
loading-unloading cycle, a very small amount of residual strain was obtained. The mechanical
response finally yielded upon the 4% max. strain loading, and as a result, larger residual
strains were obtained after unloading. The tensile responses shown in Figure 3-11 are barely
affected by the temperature. This is observed clearer in Figure 3-12a where we compare the
three temperature 4% max. strain responses.

The Young’s modulus, calculated for each temperature using a linear regression of the
stress-strain data in the first 0.5% max. strain loading remains almost the same for all three
temperatures (blue curve in Figure 3-12b). The calculated values of Young’s modulus upon
tensile loading are higher than typical values reported for B19’ martensite (~40GPa) and
lower than those typically reported for B2 austenite (~80GPa). The Young’s modulus was
also calculated from the last unloading ramp applying a linear regression of the stress-strain
data obtained upon unloading the sample 200MPa from the 4% max. strain. Unlike
elastoplastic metals, where Young’s modulus is the same upon either loading or unloading,
when as-drawn NiTi wires were loaded above the yield stress, the Young’s modulus upon
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Figure 3-12 Evolution of the mechanical properties of cold-drawn NiTi wires with temperature: a)tensile
responses, b)Young’s Modulus, c)residual strain after different maximal strain loadings, and d)yield stress
identified using the 0.2% offset yield criterion for elastoplastic materials.
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unloading (red curve in Figure 3-12b) resulted lower than the Young’s modulus upon loading
(blue curve in Figure 3-12b). The values obtained upon unloading are closer to the martensite
Young’s Modulus, although it is interesting that slightly higher values were found at higher
temperatures where the martensite phase is less stable.

On the other hand, the residual strain after the final 4% max. strain loading-unloading
cycle clearly shows a monotonic increase with temperature (Figure 3-12c¢). This behavior
may be associated with higher dislocation mobility aided by higher testing temperature,
which results in plastic deformation.

The yield stress was established using the classic 0.2% strain offset criterion typically
applied to metals. The evolution of the yield stress with temperature (Figure 3-12d) does
not show the same trend as the residual strains. The yield stress at 40°C was 803MPa, at
60°C it was 966MPa (163MPa higher), and finally, at 80°C, it decreased down to 935MPa.
Between 40 and 60°C the yield stress gained ~8MPa/°C, which is around the values reported
for the Clausius-Clapeyron slope that relates the stress needed for B2 austenite to B19’
martensite phase transformation in NiTi alloys with temperature.

The structure of cold worked NiTi wires has been reported to have a high density of
dislocations [102]. As a result, as-drawn NiTi wires are characterized for having high internal
stresses. Their crystalline structure is often considered as amorphous; consequently, they
show neither superelastic nor shape memory properties. However, according to the exposed
behavior of Young modulus and yield stresses with temperature, we may suggest that there
could exist a partial stress-induced phase transformation in the studied cold-drawn NiTi
wires upon tensile loading. Stress-induced phase transformation would be combined with
plastic deformation due to dislocation movement, which would explain the residual strain
increase with temperature in Figure 3-12c.

3.2.2. Preparation of hourglass-shaped samples

MICRO-MEGA®, a French manufacturer of dental surgical instruments, produced the
NiTi hourglass-shaped samples used in this study. The samples were machined from as-
drawn 1.78mm diameter NiTi#1 wires by grinding, which is the same procedure used for
manufacturing endodontic files. The samples’ diameter was reduced from 1.78mm down to
1.14mm at the mid cross-section using a 10mm radius grinder wheel (Figure 3-13). After
machining, the groove zone of each sample was subjected to 60s electro-polishing in order to
reduce possible surface imperfections introduced during the grinding process.

re=10mm
Mid cross-section
d,=1.14mm E d,=1.78mm

~2.5mm

Figure 3-13 NiTi hourglass shaped samples used in this fatigue study.
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Figure 3-14 Dimensions of a group of 70 hourglass-shaped NiTi samples. a)Diameter at the mid cross-section.
b)Wire diameter outside the reduced cross-section zone.

According to the geometry of our samples, r,/7, = 0.64, and 1. /21, = 8.77. As a result,
the stress concentration factor K., = 1.025 (see Figure 3-7a), meaning that the stress at the
surface in the mid cross-section is 2.5% higher than the nominal stress when the material
behaves elastically. On the other hand, the triaxiality ratio at the mid cross section varies
from My = 0.3418 at the surface, up to My, = 0.3534 at the axis (see Figure 3-7b).

After manufacturing and electropolishing, the samples’ dimensions were measured using a
multifocal plane optical microscope KEYENCE VHX-1000. For this purpose, we took
2.165pm/px resolution images of the groove zone of each sample at 100X magnification. The
diameter of a group of 70 samples at the mid cross-section (21,), and out of the groove zone
(2r,) were gathered in the histograms that we show in Figure 3-13.

The mean value of the diameters measured at the mid cross-section was 1.147mm, being
7um more than the nominal value (Figure 3-13a). The standard deviation (Std), on the other
hand, was 22.905pum, which give us an idea of the precision of the grinding technique. With
respect to the diameter of the original wire (27,), we found a mean diameter value equal to
1804um, which is inside the +25um tolerance range certified by FWM.

By using the multifocal plane optical microscope, we took depth-composed images at
1000X of the groove zone of grinded and electropolished hourglass-shaped samples with the
aim of assessing their surface roughness. Depth-composed images allow recreating 3D aspects
of the surface of an object. The images were taken at the mid cross section of the samples
in a planar area equal to 340x254.5um? as illustrated in Figure 3-15a. 340pum -length surface
profiles were extracted from five randomly selected samples and plotted in Figure 3-15b.
Then, the arithmetical mean deviation of each profile R,, defined as

_1g
&-n;

was calculated. In (3.16), n is the number of points that define each profile, and y; the

v (3.16)
distance of the profile to the mean line, calculated as the arithmetical average of the entire
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Figure 3-15 Surface roughness of grinded and electropolished hourglass NiTi samples. a) Example of a depth-
composed 3D surface image taken at 1000x magnification in the middle of hourglass-shaped NiTi samples. b)
Surface profiles of 5 hourglass-shaped NiTi samples.

profile. Averaging the R, values of the selected samples, we obtain R,=2.369um, which is
equivalent to an ISO N8 roughness grade number.

3.2.3. Effects of annealing temperatures

As shown in the previous section, although our selected cold-drawn NiTi wires may exhibit
some amount of stress-induced phase transformations upon tensile loading, their great
amount of cold work hinders the development of reversible phase transformations, and
consequently superelasticity. In order to render as-drawn NiTi hourglass-shaped samples
superelastic, we applied a thermomechanical heat treatment. Upon thermomechanical heat
treatment, internal stress recovery and recrystallization processes take place, the reason why
heat treatment is commonly referred as annealing. However, due to the narrow B2 phase
region in the binary NiTi diagram, precipitation growth may also take place, hence the term
aging is also used to define the process. After annealing, new defects-free austenite or
martensite grains are created, allowing reversible transformations upon temperature or stress
changes. In addition, the stress relieving that occurs upon heat treatment allows the
possibility to set the shape of the samples. For this reason, the heat treatment of cold-worked
NiTi wires is commonly combined with the shape setting of NiTi-based devices.

We applied 30min heat treatment to our NiTi hourglass-shaped samples at 400°C, 425°C,
450°C, 475°C, and 500°C. Each heat treatment was done in an air furnace using an especially
intended device for straightening the samples illustrated in Figure 3-16. The device consisted
of two stainless steel plates with six u-shaped grooves of the same radius of our NiTi wires
machined on each plate. Straightening force was applied to the samples by compressing the
upper plate to the lower one via six stainless steel screws.

The procedure used to heat treat hourglass-shaped NiTi samples consisted of the following
steps: first, we preheated the straightening device for at least 1 hour inside the furnace at
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Figure 3-16 Straightening device for annealing of hourglass-shaped samples.

the intended heat treatment temperature. Then, we removed the straightening device from
the furnace and installed a batch of six samples into it. After that, we put the device
containing the samples inside the furnace, making sure that the time between removing and
replacing the device inside the furnace was six minutes. With the samples inside the furnace,
we waited until the temperature indicator of the furnace showed a stable value at the
intended heat treatment temperature, and only then we started a clock count of 30 minutes.
After 30 minutes, the device and the samples were quenched in ambient temperature water.

3.2.3.1. Oxide Layer

The first visible effect of heat treatment temperature on hourglass-shaped samples is the
resulting samples’ color. Figure 3-17 shows the evolution of the surface color according to
the heat treatment temperature. The images presented in Figure 3-17 were taken under
equal light conditions, and same contrast, brightness, and color saturation parameters using
a KEYENCE VHX-1000 in High Dynamic Range mode (HDR), which is particularly useful
for revealing the color of highly reflective NiTi wires.

The color of NiTi samples changes according to the thickness of a Titanium dioxide layer
(TiO;) that forms on the sample’s surface upon heat treatment [104], [105]. As a result, the
surface of NiTi wires exhibits a gradient of chemical composition, from low Ni content at
the surface up to the nominal at.%Ni content some nanometers beneath the surface [106].
According to Zhu et al. [106], the passivation of the titanium dioxide layer occurs as follows:

NiTi + 0, - NiyT, + T,0, - Ni,T; + T;0, - Ni + T;0,.

The characteristics of the TiO, layer, such as thickness and chemical composition, depend

mostly on temperature, time and previous surface preparation.

In order to characterize the surface state of our samples in terms of the temperature of
the applied heat treatment, we utilized to the classification made by Velten et al. in [103],

TiO, Layer Thickness [nm] 10-25 25-40 40-50 50-80

Color Golden Purple Deep blue Light blue

Table 3-2. Relation between the thickness of TiO, layer and its color according to Velten et al.[103]
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ll

Figure 3-17 HDR optical microscope images from hourglass-shaped samples annealed during 30 minutes in an

air furnace at temperatures between 400 and 500°C.

which relates the thermally produced TiO: layer thickness to its color (Table 3-2). As
observed in Figure 3-17, the color of the groove zone of hourglass shaped samples changes
from silver (absence of TiO: layer due to electro-polishing) to light blue for samples heat-
treated at 500°C. This color evolution with heat treatment temperature reveals an increase
of TiO; layer thickness, which, according to Table 3-2, might be on a range between ~10nm
and ~80nm for annealing treatments carried out between 400°C and 500°C.

3.2.3.2. Differential Calorimetry Scanning measurements

Differential Calorimetry Scanning (DSC) measurements were taken on 3mm-length
cylindrical samples of our studied material heat-treated at 400°C and 500°C for 30 minutes
(Figure 3-18). The samples were cut after heat treatment by electrical discharge machining
(EDM). First, samples were heated up to 100°C, then cooled down to -150°C, and finally
heated up again up to 100°C. The cooling and heating stages were carried out at 10°C/min.

The resulting heat-flow in terms of the temperature is shown in Figure 3-19. The 400°C
annealed sample (Figure 3-19a) shows a single exothermic peak upon cooling and two
endothermic peaks upon heating. The exothermic peak upon cooling reveals the
transformation from B2 phase into R-phase. Although there is not a second peak that reveals
the R-phase transformation into B19’ martensite, it is clear from the two peaks appearing
upon heating that this transformation took place during the cooling stage. These two
endothermic peaks reveal the transformation from B19’ martensite into R-phase and the
following R-phase into B2 austenite. Since both peaks are overlapped, we can deduce that
the transformation B19°—R was not completed at the onset of the transformation into B2.

1.78mm

Figure 3-18 Geometry of samples used for DSC tests.

3mm
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Figure 3-19 DSC curves for a NiTi annealed at 400°C (a) and 500°C (b) for 30 minutes.
T [°C] ’ Rs Rf Ms Mf Rs’ Af
400 47.5 19.5 - - -4.5 54.2
500 25.5 11.5 -45.2 -105.8 -1.3 34.8

Table 3-3 Transformation temperatures of 400°C and 500°C annealed NiTi.

On the other hand, the 500°C annealed sample shows two exothermic peaks upon cooling
and two overlapped endothermic peaks upon heating, located at different temperatures.

The start and end of heat flux peaks allowed us to identify the start and finish of thermal
induced phase transformations. The phase transformation temperatures, indicated in Table
3-3, were labeled from both calorimetry curves in Figure 3-19 according to the ASTM
specification [107]. Comparing the transformation temperatures of the two studied materials,
we observe that heat treatment temperatures have a significant impact on R, and A;
temperatures, shifting them ~20°C to lower values for 500°C heat-treated NiTi with respect
to 400°C heat-treated NiTi. As a result, the thermal hysteresis of the B2<R phase
transformation, calculated as dg,_gr = Rs — Ay, is larger for 500°C heat-treated NiTi (9.3°C)
than for 400°C heat-treated NiTi (6.7°C). With regard to the impact of heat treatment
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O52-r Or-p1of B2 B2 R B19'

T (R —Af) (M — R'f) AQpr—r  AQr_pior AQpioipz  Cp T Gy ! Gy ! Cp U
°C] [°C] [°C] [Jg'] [Jg] Jeg'l  [J(eeC)Y] [U(C)'] [J(eC)Y]  [I(g°C) ]
400 6.7 - 2.124 - 5.391 0.467 0.36 0.393 0.434
500 9.3 ~68.45 2.205 5.338 11.128 0.469 0.371 0.422 0.425

Table 3-4. Phase transformation thermal hysteresis (§), specific heat exchange upon transformation (AQ) and
specific heat capacities (C,) of individual phases of NiTi annealed at 400 and 500°C. The heat capacities

obtained upon heating and those obtained upon cooling are marked with T and | symbols respectively.

temperature on Re B19' transformation temperatures, the analysis gets more complicated
due to the lack of R—B19’ exothermic peak in the 400°C heat-treated NiTi DSC curve. We
can only notice that the Rs’ temperature is shifted ~3°C between 400°C and 500°C heat

treatments.

Concerning the shape of the heat release/absorption peaks upon DSC testing, we observe
that the B2e&R exothermic and endothermic peaks of the sample treated at 500°C are
narrower and more intense than the ones of the sample heat treated at 400°C. This implies
that the B2 R transformation kinetics rates of the sample heat-treated at 500°C are higher
than the ones of the samples heat-treated at 400°C. Moreover, the amounts of heat release
(AQ), calculated as the area under the transformation peaks (see green areas in Figure 3-19),
are similar upon B2—R transformation in both cases. Interestingly, the amount of heat
absorbed upon heating was larger than the total heat released upon cooling.

In addition to the transformation temperatures and the amounts of heat exchanged during
phase transformations, DSC measurements allow us calculating the specific-mass constant-
pressure heat capacities of the studied materials. To this end, we averaged the heat flow
values of the nearly flat, phase transformation-free parts of the curves. In this way, we
obtained the heat capacity of B2 austenite upon heating and cooling, the heat capacity of
R-phase upon cooling, and the heat capacity of B19’ martensite upon heating. The calculated
values oscillate around 0.38 J°C-'g! for all three phases (see Table 3-4).

3.2.3.3. Tensile responses

With the aim of evaluating the impact of annealing temperatures on the stress-induced
phase transformation in NiTi, we performed a series of tensile tests on hourglass-shaped
samples annealed at 400°C, 425°C, 450°C, 475°C, and 500°C. The hourglass shape results
very useful for detecting the onset of stress-induced phase transformations as all deformation
and transformation processes are confined to the mid cross-section of the samples.

The tests were performed on a tensile testing machine BOSE ElectroForce 3300 equipped
with a 3kN capacity load cell. The elongation of the samples was tracked using a 10mm
gauge length clip-on axial extensometer EPSILON 3442. The samples were clamped to the
machine using V-grooved wedge clamps, leaving a gauge length of 20mm between the upper
and lower grip. The tests were controlled by the displacement of the upper grip at a
displacement rate of 0.05mms™. The lower grip and the load cell remained fixed to the
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Figure 3-20 Experimental setup used for infrared thermal image acquisition upon tensile tests.

machine base during the tests. The tests were performed inside a thermal chamber at 32.5°C,
40°C, and 80°C.

In order to aid the detection of phase transformations upon tensile loading, the
temperature of testing samples was tracked by means of an Infrared Cooled Detector FLIR
SCT7000. The experimental setup used for these measurements is illustrated in Figure 3-20.
Infrared measurements required covering the samples’ surface with a high emissivity matt
black paint. In addition, the testing sample was protected from the air flux produced by the
thermal chamber fan using a carton cover. This protection reduces the interference of random
external infrared radiation that may reflect on the sample surface, and restricts the forced
convection caused by circulating air inside the thermal chamber; thus, allowing more intense
and less noisy temperature signals. The infrared detector allowed us to record thermal images
with 20mK temperature resolution, and 15um pixel resolution by using a magnification lens.
To carry out the infrared measurements of tensile-loaded samples inside the thermal
chamber, an electro-polished CaF'; glass, transparent to infrared radiation, was adapted to
the door of the heat chamber. The transmission coefficient of the glass was determined to
be equal to 0.947, determined using a calibrated black body. As observed in Figure 3-20, we
used a fabric cover around the glass and the detector lens in order to avoid infrared reflection
from the surroundings on the glass.

Before each test, the testing sample was heated using a hot-air blower up to ~120°C to
avoid possible discrepancies in the initial microstructure state of equal-annealed samples
caused by their thermal history. After that, the testing sample was clamped into the testing
machine and the thermal chamber preheated for about one hour up to the testing
temperature. The start of the test was synchronized with the start of thermal images
acquisition by means of a control signal generated by a functions generator connected to the
infrared detector and the testing machine controller. The thermal images acquisition
frequency used for these tests was 50Hz.

The temperature evolutions upon a single tensile loading ramp of hourglass-shaped samples
annealed at 400°C, 425°C, 450°C, 475°C, and 500°C are presented in Figure 3-21. Separated
samples were used for tests at 32.5°C, 40°C and 80°C. The temperature curves shown in
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Figure 3-21 Tensile responses of NiTi hourglass-shaped samples issued from annealing treatments between 400
and 500°C.

Figure 3-21 corresponds to the mean temperature of a 15x50 pixels area at the mid cross-
section. The temperature evolution curves were obtained with respect to a reference
temperature Ty, calculated as the mean temperature at the mid cross-section of a reference
thermal image. The reference thermal image was obtained by averaging ten thermal images
recorded under static and stable temperature conditions before the start of the test.

The mechanical responses and the temperature recorded upon tensile loading are clearly
dependent on the annealing and testing temperatures. At 32.5°C and 40°C the temperature
of the 400°C and 425°C-annealed NiTi rises since the very beginning of the application of
the tensile loading, contrarily to the temperature evolutions of 450°C, 475°C and 500°C-
annealed NiTi’s, which shows a temperature increase triggered only after reaching some
loading level.

In the case of 400°C-annealed NiTi, the material is on a mix of B2 and R phases at 32.5°C
and 40°C, as we can deduce from the R, and R;temperatures identified in DSC experiments
(see Table 3-3). As a result, the temperature rise shown by 400°C and 425°C-annealed NiTi’s
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may be explained by a continuous stress-induced B2—R phase transformation and R-phase

microstructure distortion.

The 500°C-annealed NiTi, on the other hand, showed an R, temperature equal to 25.5°C
according to DSC experiments; therefore, its initial state at 32.5°C and 40°C is B2 austenite.
When the 500°C-annealed sample is first loaded, it behaves elastically and the temperature
does not show a significant evolution until the stress-induced B2—R phase transformation
occurs. Following the same logic, we can infer that at 32.5°C, the 425°C-annealed NiTi is in
a mix of B2 and R-phase, whereas the 450°C and 475°C-annealed NiTi’s are in the B2

austenitic state.

The characteristic yield point of the stress-extensometer elongation curves in Figure 3-21,
allowed us to identify the onset of stress-induced R/B2—B19’ transformations. When stress
reaches the yield point, an accelerated temperature increase was recorded in all tests. The
evolution of the onset of stress-induced R/B2—B19’ transformations (oyy) with respect to
the testing temperature and annealing heat treatment is shown in Figure 3-22a. As observed,
the annealing temperature exhibits a greater impact on oy at low testing temperatures

1000  E—
000 $ 4 H | 1000 To
1 900 e 39.5°C
800 800 = 40°C
E 700 - G T — 700 | [*80°C | - o
s 90 b i = - & 600 . -
— 500 E 500 w
= T(J 61 400
© 300 -+ - 325 300 o
200 .- 40 200 e
100 s - 80 Y e
; 108 IR &>
450 — 420 AlS 5 400 425 450 475 500

Annealing Temp. [°C] Annealing Temp. [C]

Figure 3-22 Onsets of phase transformations of NiTi#1 with respect to the annealing temperature:
a)R/B2—B19’. b) B2—R.
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Figure 3-23 Stress-temperature slopes of phase transformations in NiTi#1 evaluated with respect to the
annealing temperatures: a)R/B2—B19’. b) B2—R.
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(32.5 and 40°C), becoming higher by increasing the annealing temperature. On the other
hand, the gy values obtained upon tensile tests at 80°C remains almost the same, regardless
of the annealing temperatures.

The onset of the stress-induced B2—R phase transformation (oz) was identified as the
applied stress at the inflection point of the temperature evolution when the material starts
to heat up before reaching the yield point of the R/B2—B19’ transformation. As illustrated
in Figure 3-22b, the annealing temperature has a greater impact on oy than on gyr. Higher
annealing temperature shifts the stress need for B2—R phase transformation to higher

values.

The evolution of the onsets of stress-induced phase transformations with temperature
shown in Figure 3-23 was determined by carrying out a linear regression of the group of
values identified for each annealing temperature. The stress-temperature slope of the
R/B2—B19’ transformation (doyr/dT) changes from ~6.4MPa/°C for the 400°C-annealed
NiTi, up to ~8.2MPa/°C for the 500°C-annealed NiTi. The inverse behavior is observed in
the B2—R phase transformation slope (dog/dT), where the 500°C-annealed NiTi exhibits
the lowest values.

3.2.3.4. Heat treatment choice for fatigue testing

So far, we presented the effects of annealing temperatures on the surface state,
transformation temperatures and thermomechanical coupling of cold-drawn NiTi wires.
Moreover, it is well known that annealing temperatures of cold-drawn NiTi wires also affects
the grain size and dislocation density of the material, which together with the surface state
are determinant in the fatigue performance of traditional alloys. As a result, NiTi fatigue
studies based on testing different heat treatments or alloy compositions, necessarily mix
grain sizes, surface states, and cold-worked structures, casting doubts on the real impact of
the crystallographic phase transformations on NiTi’s fatigue performance.

In order to simplify the assessment of the impact of stress-induced phase transformations
on the high cycle fatigue performance of NiTi, we decided to use a single annealing treatment
for our cold-drawn NiTi#1 samples, then to test them at different temperatures. We chose
an annealing temperature at 500°C, as it allows us to tackle the fatigue in the B2—R and

Figure 3-24. Optical microscope image revealing the grained microstructure of 500°C-annealed NiTji.
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B2/R—B19’ regimes at temperatures near the room temperature, and the B2 elastic regime
just by increasing the temperature. In this way, other factors, such as grain size, dislocation
density, and surface state remain the same for all samples.

The grained microstructure of NiTi#1 heat-treated for 30 minutes at 500°C is presented
in Figure 3-24. The image was obtained from optical microscopic observation on a flat sample
carefully polished using SiC abrasive paper of different denominations. After obtaining a
mirror-like surface, the sample was etched using an acid solution consisting of:

- 10ml of m(HF),
- 40ml of m(HNOs),
- and 50ml of m(H,0),

based on the work if Undiszet al.[108].

The annealing treatment at 500°C resulted in an average grain size of ~30pum. Moreover,
the optical image reveals the existence of inclusions, the size of which goes from less than
lum up to ~10pm. According to the literature, these inclusions are most probably TiC
carbides introduced upon the melting process of most of commercial NiTi alloys [109], [110].
Inside some of the grains, we observe a needle-like structure, which, according to X-ray
diffraction experiments presented later in Chapter 4 may be related to twinned R-phase,
although further analysis is needed to verify it.

In the following sections, we detail the mechanical response, microstructure evolution and
thermal behavior of 500°C-annealed NiTi. After that, we present the fatigue performance of
the material at different temperatures, which allow us to extract conclusions about the
impact of phase transformations on the lifetimes of cyclically loaded NiTi.
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Figure 3-25 2D-DIC technique for strain field measurements upon tensile testing of hourglass-shaped samples:

a) experimental setup, b) surface speckle pattern applied to the surface of an hourglass-shaped sample.
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3.3. Thermomechanical behavior of 500°C-annealed NiT1i

The thermomechanical response and microstructure evolution of 500°C-annealed NiTi
hourglass shaped samples are characterized in more details in this section. To begin with,
we present a detailed evaluation of the axial strain distribution in the groove zone of
hourglass shaped samples upon axial loading-unloading tensile cycles using the 2D Digital
Image Correlation technique (DIC). The deformation processes tracked by DIC were
correlated with a phase distribution analysis carried out using X-ray diffraction. After that,
we introduce a thermomechanical constitute model suitable for Shape Memory Alloys
implemented in a Finite Element Analysis software suite. The model was used for evaluating
the stress-strain state of the material at the mid cross-section of tensile loaded hourglass-
shaped samples; therefore, it allowed us to correlate the macroscopic response of hourglass-
shaped samples to the local behavior of the material.

3.3.1. Stress-strain response

We carried out two tensile tests for characterizing the mechanical behavior of hourglass
shaped samples, one upon the B2<R phase transformation regime, and the other upon the
B2/ReB19” phase transformation regime. The tests were performed at room temperature
(32.5°C) on a testing machine INSTRON 8872 equipped with a 25kN load cell. The
elongation of the samples was measured via a 10mm-gauge length 2620-series INSTRON

Image Acquisition

Camera Stingray F504B ASG

Image Size and Digitalization | 2452x2056, 8-bit

Cell size 3.45um x 3.45um

Camera noise (% of range) 1.5%

Lens and imaging distance 50.2mm C-mount, 112.526mm

Total number of Images B2oR phase transformation regime: 124
B2/Re B19’ phase transformation regime: 442

Pixels to mm conversion 1pixel = 1.67 pm

Region of Interest (pixels) B2oR phase transformation regime: 352x1626

B2/Re B19’ phase transformation regime: 303x1615

Displacements

Technique used 2D Digital Image Correlation
Subset radius, step (pixels) 20, 15

Interpolation Biquintic B-spline

Shape Functions Affine

Correlation Criterion Normalized Sum of Square Differences (NSSD)
Pre-smoothing None

Displacement resolution 0.05pixels — 0.0835 pm
Strain

Smoothing technique Local polynomial

Strain window 7x7 data points

Virtual Strain Gauge (VSG) | 110x110 pixels

Resolution 5x10*

Table 3-5 2D-DIC parameters
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clip-on extensometer. We programmed the testing machine to apply tensile loading at a
constant extensometer elongation rate up to a certain nominal axial stress limit depending
on the studied transformation regime. The loading rate was set up to provide isothermal
conditions during the tests, which was verified by the temperature measurement of J-type
thermocouple welded to the surface of the sample at the mid cross-section.

The 2D Digital Image Correlation technique (2D-DIC) was employed to track the strain
field of the surface of the groove zone of the testing hourglass-shaped sample. In order to use
the 2D-DIC, we applied a white and black paint speckle pattern on the sample’s surface by
means of an airbrush Iwata CMC-C Plus. The resulting pattern obtained after airbrushing
had an average speckle size of ~40um (Figure 3-25b). Additionally, a 11x16 white LED array
was used to provide a stable light source during image acquisition. The schematic
representation of the experimental setup used for 2D-DIC strain measurements is shown in
Figure 3-25a. A detailed description of the CCD camera and the characteristics of the
acquired images are presented in the first part of Table 3-5.

The images acquired during tensile testing were post-processed into strain fields using
NCORR]J111], an open-source MATLAB-based software suitable for 2D-DIC. Ounly the
central zones of the sample images were correlated, in order to reduce the error related to
out of plane displacements. The parameters for the calculation of displacement and
subsequent strain fields using the 2D-DIC algorithm are presented in Table 3-5. We highlight
that DIC correlation allowed us a strain and displacement resolutions of 5x10* and 0.083um
respectively. Moreover, the virtual strain gauge size for these experiments was 110x110
pixels, equivalent to 65.4x65.4um?; thus, allowing a sound spatial strain fields resolution.

3.3.1.1. B2oR phase transformation regime

The tensile loading-unloading macroscopic response of an hourglass-shaped sample in the
B2oR phase transformation regime is presented in Figure 3-26a. In this experiment, the
sample was loaded at an extensometer elongation rate of 3x10*mms™’ up to 0.035mm, then
unloaded it down to zero load at the same extensometer elongation rate. The nominal stress
in the y-axis of Figure 3-26a corresponds to the tensile force measured by the load cell
divided by mid cross-section of the sample.

The macroscopic loading-unloading response of the tested hourglass-shaped sample under
the mentioned limits exhibits a non-linear behavior. We associate this behavior with the
stress-induced B2—R phase transformation occurring mainly in the groove of the tested
sample. Since any material non-linearity at the mid cross-section has a direct impact on the
macroscopic response of hourglass-shaped samples (recall section 3.1), we can identify the
onset of stress-induced B2—R phase transformation at the inflection point of the
macroscopic response in Figure 3-26a. In such a way, we observe that the onset of the B2—R
transformation (og) is ~220MPa, similar to the value obtained upon thermal measurements
in the previous section. Moreover, the macroscopic response exhibits a small hysteresis and
no residual strain after unloading.
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Figure 3-26 Tensile response of hourglass-shaped samples in the B2&R phase transformation regime:
a)Macroscopic response. b)Axial lagrangian strain fields obtained using 2D-DIC at points highlighted in part
(a). ¢)The local response of the material at the mid cross-section of the sample. d)3.4mm-length axial strain
profiles along the axis of the sample centered at the mid cross-section. The elastic strain profiles, plotted in
dotted lines along with the experimental strain ones, were calculated via the Hooke’s law using the material
Young’s modulus (70GPa), the sample’s geometry and the nominal stresses at points 1 (dark-blue), 2(green)

and 3(red).

The axial strain fields with respect to the undeformed initial state (Lagrangian
configuration) of the five highlighted points in Figure 3-26a are shown in Figure 3-26b.
There, we compare the axial strain distribution in the groove zone of the tested hourglass-
shaped sample at three stress levels upon loading and unloading. As observed, the strain
fields upon loading and unloading do not show significant differences, which follows the small
hysteresis observed in the macroscopic response. By extracting a single data point of the
strain field placed at the mid cross-section, we deduced the local response of the material
(Figure 3-26¢). The local response in Figure 3-26¢ can be defined as bilinear, without
hysteresis nor residual plastic strain. The unexpected absence of hysteresis in the local
response may be caused by lack of strain resolution of the 2D-DIC method. We associated
the first linear-elastic part of the local response to the elasticity of B2 austenite and the
second part to a progressive transformation from B2 austenite into R-phase. Assuming that
the surface at the mid cross-section of the tested sample remains in a uniaxial stress state,
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Figure 3-27. Tensile response of hourglass-shaped samples in the B2/R—B19’ phase transformation regime
upon loading. The macroscopic response is shown in (a). The lagrangian axial strain fields at the points
highlighted in part (a) are shown in (d). The local response at the mid cross-section is plotted in (b) and the
3.4mm-length axial strain profiles along the axis of the sample in (c).

we can define the constitutive response of the 500°C-annelaed NiTi at 32.5°C by the local
response in Figure 3-26¢. As a result, the Young’s modulus of B2 austenite was calculated
equal to 77GPa, and the hardening rate of the second linear part of the local response equal
to 30GPa. The uniaxiality stress state hypothesis will be verified in an oncoming section
when simulating the mechanical response of hourglass-shaped samples using 3D model suited
for finite element analysis.

An estimate of R phase transformed and B2 untransformed zones in the groove of the
tested sample can be evaluated by comparing the measured axial strain profiles along the
sample’s axis with the linear elastic strain profiles calculated by the Hooke’s law (Figure
3-26d). At points 1 and 5, at which the material is in the elastic B2 regime, the elastic strain
profile fits well with the experimental strain profiles; thus we can deduce that no R-phase is
induced in the sample. By increasing the applied stress, the B2—R transformation starts at
the mid cross-section of the sample, then it spreads symmetrically along the groove zone. As
a result, the experimental strain profiles deviates from the elastic one, especially at the mid
cross-section. At points 2 and 4, two transformation fronts can be identified at ~1.6mm from
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Figure 3-28 Tensile response of hourglass-shaped samples in the B2/R—-B19’ phase transformation regime
upon unloading. The macroscopic (a) and local (b) responses are the same shown in Figure 3-27. The
lagrangian axial strain fields at the points highlighted in part (a) are shown in (d), and the 3.4mm-length
axial strain profiles along the axis of the sample are shown in (c).

the mid cross section, where the elastic strain profiles and the ones extracted from 2D-DIC
strain fields start matching again. At the maximal stress (point 3), the mid cross-section
sees an axial strain of more than 0.8% whereas the elastic strain reaches 0.56%.

3.3.1.2. R/B2—B19’ phase transformation regime

Now, in order to assess the mechanical response of hourglass-shaped samples in the
R/B2B19’ transformation regime, we subjected the sample to a constant extensometer
elongation rate of 1x10*mms™ up to 0.15mm, then unloaded it down to zero load at the same
extensometer elongation rate. We divided the analysis of these experimental results into two
parts. First, we describe the axial strain distribution upon loading (Figure 3-27), then upon

unloading (Figure 3-28).

The nominal stress vs the extensometer elongation curve is presented in Figure 3-27a.
The first part of the loading curve, up to the stress peak at 490MPa (point 4), corresponds
to the B2—R phase transformation described before. This is supported by the strain profiles
shape at the points 1, 2, and 3 (Figure 3-27c¢), which are similar to the ones presented back
in Figure 3-26d. At the stress peak in point 4, the transformation from the mix B2/R into
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B19’ proceeds, as we can deduce from the local response at the mid cross section (Figure
3-27b), which resembles to the typical superelastic response of NiTi. After the stress peak,
the macroscopic response shows sudden stress decrease down to 430MPa (point 6) followed
by a constant stiffness response up to 500MPa (point 8).

The local response of the material differs from the typical NiTi tensile superelastic response
by the continuous material softening observed after the onset of the stress-induced
R/B2-B19’ phase transformation between point 4 and point 6. Moreover, the axial strain
profiles 4, 5, and 6 (Figure 3-27¢) show how, when the transformation begins, the axial strain
of a ~Imm length zone, centered at the mid cross section, increases while the material outside
this zone keeps the same strain level as before the transformation (point3). As a result, an
upper and a lower transformation fronts are created, which start spreading away from the
mid cross-section after point 6. Between points 6 and 7, the axial strain at the mid cross-
section increases rapidly together with a spread of the transformed volume. From point 7 to
point 8, most of the elongation of the extensometer is caused by a spread of the two
transformation fronts along the sample, while the strain at the mid cross-section slightly
increases. The final B19’ transformed zone at point 8 spreads ~1.4mm away symmetrically
from both sides of the mid cross-section.

Upon unloading (Figure 3-28), the material behaves elastically from point 8 until point
10, as we can observe in the local response in Figure 3-28b. The Young’s modulus of B19’
martensite, obtained by a linear regression between points 8 and 10, was calculated equal to
27GPa. The macroscopic response, on the other hand, exhibits a nonlinear behavior right
after the unloading begins. This is caused by the gradient of microstructure, from B19’
martensite in the ~1.4mm-length zone from the mid cross-section to R-phase and B2
austenite in the rest of the sample; hence, the reverse R— B2 transformation initiates when
the stress starts decreasing in some zones of the sample away from the mid cross-section.
Due to elastic unloading, the axial strain profile (Figure 3-28¢) in the vicinity of the mid
cross-section keep its shape from point 8 to 10. After point 10, the B19’ zone begins to
shrink, keeping the strain maxima at the mid cross-section. Then, between points 12 and 14,
a fast decreasing of the axial strain from 3% down to 0.6% completes the reverse
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Figure 3-29 Comparison of the tensile responses of 500°C-annealed NiTi#1 at 32.5°C using a hourglass shaped
sample and a straight sample.
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transformation at the mid cross-section. Note that between points 12 and 14, the strain at
the zones at least ~0.5mm further from the mid cross-section remains the same. Moreover,
this fast strain recover at the mid cross-section correlates with the merge of the two B19’
martensite fronts and a sudden increase of the axial nominal stress. After that, a short
transition zone is observed before the material enters the linear unloading path of the B2
austenite phase. This short transition would suggest that the material transforms from B19’
martensite into R-phase before returning to the initial austenite phase.

Finally, we carried out a complementary tensile test on a 1.78mm-diameter NiTi#1
straight wire prepared in the same conditions as the described hourglass shaped sample
(annealing at 500°C for 30min). This time, the deformation of the sample was tracked using
a 20mm-gauge length virtual extensometer. The virtual extensometer applies the 2D-DIC
method in two small zones on the sample in order to track the relative distance between
them. Two small white marks were painted on the surface of the sample in order to define
the tracking zones. The test was performed in the same testing machine as the hourglass-
shaped sample in similar temperature conditions (room temperature ~32.5°C). The tensile
loading was applied at a constant upper grip displacement rate of 3x10°mms™, equivalent to
a nominal strain rate of 1.2x10™, as the initial sample length, between the upper and the

lower grip, was 25mm.

Figure 3-29 shows the tensile response of the straight sample together with the previous
local response obtained in the hourglass-shaped sample. The tensile response of the straight
sample looks like the commonly reported superelastic response of NiTi: constant stress
forward and reverse transformation plateaus and hysteresis. Note that the B2—R regime of
the hourglass and straight samples are practically the same. The more remarkable differences
come after the onset of the transformation into B19’: while the hourglass-shaped sample
response exhibits a softening right after the B19’ transformation start, the straight sample
shows a constant stress B19’ transformation plateau with a small softening at the end of it.
Contrarily, upon the reverse transformation, the straight sample experiences a sudden
increase of stress right at the beginning of the transformation, whereas the hourglass response
shows a similar stress increase but at the end of it. Moreover, the straight sample response
suggests that the reverse transformation brings the material directly into B2 phase instead
of R-phase, as we deduced from the local hourglass-shaped sample response.

3.3.2. Microstructure evolution resolved via X-ray diffraction

In order to track the evolution of the microstructure in the volume confined at the mid
cross-section of hourglass-shaped samples upon tensile loading, we performed in-situ
synchrotron source x-ray diffraction experiments. These experiments were carried in the
beamline ID11 at the European Synchrotron Radiation Facility (ESRF) at Grenoble. The
results that we present next correspond to the experiment no. MA-2880 in the ESRF
experimental report database.
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3.3.2.1. Experimental setup

The hourglass-shaped sample used for this study was subjected to different tensile stress
levels at room temperature (~24°C). The sample was tested deformed using a tensile rig, the
tensile axis of which was aligned with the rotation axis of the platform of the diffractometer
at the beamline ID11 at the ESRF (see Figure 3-30). The tensile stress was monitored via a
1kN load cell mounted on the deformation rig.

All the studied samples in the experiment no. MA-2880 were evaluated using a square
monochromatic microbeam of size ~6 ym and wavelength of 0.18964 A. The microbeam
allowed us to carry out spatially resolved microdiffraction analysis along the axis of the
hourglass samples. The diffracted beam was recorded using ESRF Frelon 2D detector of size
100x100 mm and resolution of 2048x2048px, with a pixel size of 50 um. The distance between
the sample and the 2D detector was ~250mm allowing a maximal scattering angle of 16° (see
angle 20 in Figure 3-30). The detector position and tilt with respect to the beam were found
using the software pyFAI [112], which provides a tool called pyFAl-calib, designed for the
calibrating the detector and the experimental setup. The calibration diffraction patterns
were collected using CeO2 referential powder sample. PyFAI library for Python
programming language was used for azimuthal integration. After that, integrated diffraction
patterns were evaluated by Rietveld refinement performed using GSAS II software [113],
specially using its scripting tools for Python programming language, which enables to run
the diffraction patterns analysis of large datasets in batch mode. The method of diffraction
analysis in GSAS 1II is described in more details in the following paragraph.

In the diffraction analysis of collected data, the presence of three crystallographic known
phases was assumed, namely the presence of austenite (cubic B2 phase, a=3.015 A), R-phase
(trigonal phase, a=b=7.314 A, ¢c=5.2291, a=p=90°, y=120°), and martensite (monoclinic
B19’ phase, a=2.898, b=4.646, ¢=4.108, o=p=90°, y=97.78°). The scaling parameters,
determining eventually the phase volume fractions, were set free to vary throughout the
entire refinement procedure. Before the refinement, the instrument parameters were found
using the referential powder diffraction patterns (CeO2 powder sample) and the calibration
procedure described in GSAS II tutorial. While the phase scaling parameters were free to
vary throughout the entire Levenburg-Marquardt based optimization, the rest of the
parameters intervening in the optimization were freed sequentially in individual steps of the
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Figure 3-30 Experimental setup for in situ synchrotron source x-ray diffraction experiments in tensile
loaded hourglass NiTi samples.
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Figure 3-31 Comparisons of diffraction patterns recorded on a single sample prior (a) and after the stress-induced
martensitic transformation (b). Colormaps in (a) and (b) represent diffraction patterns acquired during scans
along the axial direction. Diffraction patterns shown in (c¢) and (d) were recorded approximately in the center of

the concave zone of the sample.

refinement. The refinement was carried out employing a pseudo-Voigt profile function

through the following five steps:

1. Refinement of the background using second-order Chebyshev polynomial function. The
low order of the function is justified by the fact that we systematically subtracted the
referential background and dark images from acquired 2D diffractograms.

2. Refinement of the cell parameters of the R-phase in order to take into account its
rhombohedral distortion [114].

3. Refinement of the peak shifts considering the hydrostatic and elastic strain due to the
applied loadings and/or internal stresses.

4. Refinement of the peak broadening assuming variable microstrains and crystallite size

5. Refinement of the texture of R-phase and martensite. The texture refinement was used
to take into account the variant selection of stress-induced R-phase and/or martensite.
The texture model implemented in GSAS II was described by [115].

The refinement was performed within the diffraction angle range of 2°- 12° where all
significant reflections of all phases appeared. The quantitative phase analysis was performed
by refining diffraction patterns obtained from full azimuthal integration. In order to evaluate
the spatial heterogeneity of the phase distributions, we present in the following figures sets
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Figure 3-32 Results of spatially resolved quantitative phase analysis performed on a single sample prior (a)
and after the martensitic transformation occurred (b).

of diffraction patterns along selected directions as colormaps. It is worth mentioning that
the presented outcomes of the diffraction studies are not complete as the analysis of the
large dataset is still ongoing.

3.3.2.2. Diffraction pattern evolution upon loading

Figure 3-30a presents the experimental setup where the sample was placed in the tensile
rig while x-ray beam is scanning the sample along the axial direction. Scans were performed
at different loading stages as shown in Figure 3-30b, where integrated patterns for selected
loadings at room temperature (24°C) are illustrated. The integrated patterns show splitting
of (110)A peak typical for austenite to R-phase transformation [114].

The hourglass shape of the sample is particularly suited for studies of the onset of the
martensitic transformation as it occurs in a well-defined known place. In our experiment, we
tested a virgin sample by applying small incremental loading steps until the martensitic
transformation was triggered. On each loading step, we acquired diffraction scans to track
microstructure changes. Surprisingly, the B19” martensitic transformation did not occur at
any of the steps below the localization peak identified in DIC experiments. The B19’
transformation occurred spontaneously during the incremental application of loading,
resulting impossible to track the kinetics of the transformation. As a result, we got diffraction
data right before and right after the martensitic transformation onset (see Figure 3-31).

Upon further loading, not only the transformed zone spread but also the artifacts of
austenitic reflections disappears as seen in Figure 3-35, although quantitative phase analysis
shown in Figure 3-34 reveals remaining austenite within the transformed zone.
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Figure 3-33 Comparisons of diffraction patterns recorded on a single sample during straining after the
martensitic transformation occurred. Colormaps (a), (b), and (¢) correspond to loading stages shown in (e),
denoted as MT1, MT2, MT3. Diffraction patterns (d), (e),(f) were taken in the mid cross-section of the sample
at loading stages MT1, MT2, MT3 respectively.
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Figure 3-34 Results of spatially resolved quantitative phase analysis performed on a single sample after the
martensitic transformation occurred. The results correspond to loading stages MT2 and MT3 shown in Figure
3-33e.

3.3.3. Simulation of the tensile response using 3D finite element
analysis

In order to assist the analysis of the mechanical and crystallographic evolution of tensile
tested NiTi hourglass shaped samples upon R and B19’ phase transformations, we used the
3D constitutive model of Sedldk et al.[41]. In this section, we start by describing the
equations of the model and its implementation in the finite element software suite ABAQUS.
After that, we describe the process for identifying the model parameters, which allowed us
reproducing the experimental results of our studied NiTi. Finally, we compare and analyze
the simulation and the experimental tensile responses of hourglass-shaped samples carried

out at different temperatures.

3.3.3.1. Description of the model

The 3D thermomechanical model for polycrystalline NiTi-based shape memory alloys
developed Sedlak et al.[41] was written within the framework of continuum thermodynamics
of irreversible process. The model proposes an interaction of chemical and mechanical energy
potentials as described by the phenomenological thermodynamic theory of thermoelastic
martensitic transformations. It effectively couples the material mechanical behavior to the
and stress-induced phase

temperature, allowing a good description of thermal

transformations between B2 austenite, R-phase, and B19’ martensite.

The state variables of the model are the total strain of the material € and the temperature
T. The total strain is described as the sum of elastic and inelastic contributions, which,
adopting the small strain continuum mechanics formalism reads

in

e=¢g"+¢&". (3.17)
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The inelastic strain contribution is related to the phase transformation into B19’ martensite
only. It is defined as

g" =&, (3.18)
where ¢ is the volume fraction of B19’ martensite, constrained by
0<sé<1, (3.19)

and & is the transformation strain tensor. Since the transformation into B19’ martensite is

considered as volume constant,
tr(g”) =0, (3.20)

where tr(x) denotes the trace of the tensor . Furthermore, the transformation strain is

constrained within a convex surface in the strain domain. The transformation strain surface
is defined by the function (-) : R3*3 - R*,

NI (&M)
0< (") =22 <1, 3.21
(e) == (3.21)
where
_ ]2
I(x) = 3 %% (3.22)

corresponds to the von Mises equivalent strain and k the magnitude of the maximal
transformation strain (the plateau length in the case of a superelastic tensile curve). In their
article, Sedlak et al., consider a more complex form of the transformation strain surface that
includes the characteristic anisotropy and the well-known tension-compression asymmetry
of the B19’ transformation in NiTi. Since our problem can be reduced to a nearly uniaxial
loading, we opted for the simplified form in (3.21).

Adopting the phenomenological framework of thermoelastic martensitic transformations,
the model describes the evolution of the thermodynamic system by minimizing the sum of a

volume specific free energy term
F = fcl +f<:hcm7 (323)

consisting of an elastic (mechanic) and chemical component, plus an irreversible or

dissipative term d.

The authors employed ruled of mixtures in order to determine the contribution of B2, R
and B19’ phases to each of the free energy terms. On the one hand, the elastic strain free
energy potential is defined as
2

Fle. 6" En) = %Ktr(a)z +G(E)|dev(e) - &

(3.24)

where K is the bulk modulus and dewv(g)is the deviatoric part of the strain tensor. The bulk
modulus K is considered the same for B2, R, and B19’ phases (K = K4 = KR = KM), based
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on the very similar experimental values obtained by Wagner et al.[116]. The composed shear
modulus G(¢&,n7), is determined from the Reuss rule of mixtures as follows:

L _g-e-mlipl s b
G(E,n)_(l ¢ /7)GA+ GR+‘(GM' (3.25)

The superscripts A, R, and M correspond to the B2, R, and B19’ phases respectively. The
volume fraction of R-phase is denoted here as 77, which is constrained by

0sn<1-¢; (3.26)
as a result, the volume fraction of B2 austenite can be written as (1 -7 - ¢&).

On the other hand, the chemical free energy potential is defined using the Voigt rule of

mixtures in the following way:
fchem - (1 _,7 _ f)fA +,7f1? + <th7 (327)
where the contribution of each individual phase is defined by

fr=u —sT+c {(T -T) -Tln(%ﬂ, (3.28)
0
fori € A, R, M. Here, ¢’ denotes the heat capacity, and u} and s} the specific internal energy
and the specific entropy at the reference temperature T respectively. For practical reasons,
the authors defined two reference temperatures: the first, simply denoted as T,, at the
chemical equilibrium between B2 and B19’ (f4(T,) = fM(T,)), and the other, denoted as
T&, at the chemical equilibrium between B2 and R-phase (fA(T&) = fR(TF)); therefore,

_ Au*™M
and
Au'F
R _—
1) AT (3.30)

where Ax" = xt — xJ.

Combining (3.27) and (3.28), the contributions of each phase to the chemical energy
potential read

A-n=-9f" = <1—f){“5‘ T {@—To)-ﬂ“(zm

0

-n {ugo - sgoT +ct {(T - TUR) -Tln (%H},
0

”fR =n {uﬁo - SgoT + ¢ l:(T - TOR) -TIn (ﬁjj“, (3.32)

(3.31)

and
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EfY = f{ué” —s'T +c" {(T ~T)-T (%ﬂ} ; (3.33)

0

where the subscripts ‘0’ and ‘R0’ differentiates between quantities evaluated with respect

to Ty and TOR respectively. Assuming that the heat capacities of the B2, R and B19’ are very
close to each other (see Table 3-4), we can neglect the terms Ac” [(T -T,)-Tln (T/TO)]

resulting from adding up equations (3.31), (3.32), and (3.33); thus, the total chemical free
energy potential finally reads,

chem - T 3
=l = s+ et {(T -T)-Tln [?H +&\s™(T = T,)) +nAs™™ (T = T,"). (3.34)
0
In order to expand the temperature range in which the B2—R transformation takes place,
the reference temperature TE is defined as a function of the volume fraction of R-phase in
the B2 austenite phase (n/1 — &) as follows:
n R -R

(" (3.35)

i/’o(n,f)=Rs+1_{ 5

To describe the hystoelastic behavior of NiTi, Sedlédk et al. [41] propose the following
potential or dissipation term:

s [(1, - M)+ &M - M) ]+ 0, (T) 6" if 20
d=4{, é o . (3.36)
s [(1,-A)+ &4, - A) ]+ a,.w(T){ cel e - e } it §<0

which suggests that only the transformation into B19’ dissipates energy, no matter if the
parent phase is R-phase or B2. The neglect of the dissipation of the B2—R transformation
is consistent with the very small mechanical and thermal hysteresis observed in our tensile
and DSC experiments respectively (see Figure 3-26 and Table 3-4). Moreover, the dissipation
form (3.36)allows differentiating between thermal and stress-induced phase transformations
dissipations by including the effects of martensite reorientation oy.,(T) and the strain
produced by the B2/R—B19’ phase transformation e The quantities A,, M;, M, and M;

correspond to the transformation temperatures of the alloy obtained at zero stress. Since

and
o (=0, +2(T-T)20, (3.38)

where 02, and Y,.,are material parameters, the dissipation is always greater or equal to
zero. This fulfills the Clausius-Duhem inequality, a necessary condition for describing
thermodynamic irreversible process adopted in the framework of Generalized Standard
Models in continuum mechanics. Within this framework, the thermodynamic forces o, m, X
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and T associated to the evolution of the state variable £, and the internal variables &, &

and 7 are defined as

oF

0 = = Kir(e)l +2G(&1) | deve) - & |, (3.39)
X=- gf = 26(&.7)[ devie) - &, (3.40)

= —‘;—1; - _9Gl 5’ Hd - &" “ 4 2G($,/7)(dev(£) - 4‘5”') e
-As"(T-T) +/7A5AR%§"7) (3.41)
--9F__9¢ ‘( OGE) o4 - e[ = (7 = 1(& ) + s L ED). (3.4

07 a7

The governing equations that describe the problem of a NiTi element defined in the spatial
domain Q, subjected to the external forces Fg,,r acting on the body surface I'N, together

with external displacements Ug,,s acting on the surface I'P | are

div(g) =0 in Q, (3.43)
on=F, on M, (3.44)
w=U,_, on ", (3.45)
X0d,.d inQ, (3.46)
709 d nQ, (3.47)
=0 in Q, (3.48)

where n is the normal to the surface [Nand d.d denotes the subdifferential of the dissipation
function with respect to x. The evolution of the internal variables, in such a manner that
the governing equations are fulfilled, is determined by carrying out the minimization of the

sum of the free energy and the dissipation potentials:

[ fe.e".&m) + d(e", &7, 6)dQ (3.49)

subjected to <£m> <1,0<é&<1, 07 <1-¢, and the boundary conditions on &, which

derives from equation (3.45) according to the infinitesimal strain theory by
_1 T
—E(Du+(Du) ). (3.50)

where the superscript ‘T’ refers to the transpose of the displacement vector. The solution of
the problem considers the temperature as a prescribed parameter and the evolution of the

internal variables as rate-independent.

The minimization problem of (3.43), with the boundary conditions (3.44) and (3.45), was

spatially-discretized using finite element analysis. For this purpose, the model was
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implemented in the finite element software suite ABAQUS Standard, via a subroutine
referred as UMAT written in C++. The subroutine is called by ABAQUS on each material
point for every computational increment k. Based on the boundary conditions of the problem,
ABAQUS provides the strain increment at k£ and the previous values of the internal variables
to the subroutine (at k-1). The stress tensor components and the new values of the internal
variables for each material point are calculated by the subroutine, which carries out the
minimization of

f(£k7 8”" 57,7) + d(&.]ir_17 5k—17 8”‘ - glf‘il’ gt}u - fk—l) + T(gt"" 57,7)7 (351)

with respect to £”,& and 5. The added regularization term r(&",&,7)is equal to the

maximum number attainable in computer precision (corresponding to 4+o) whenever any of
the restrictions (3.19), (3.21), or (3.26), is violated. Otherwise, it is defined as

1_5 tr

.
r(€",&,n) = ¢" | arctanh®(2& = 1) + arctanh? [L - 1} (1- 5)} + kE””{<£—>4, (3.52)

1=(¢")
where ¢” and E™ are positive regularization material parameters. The minimization problem
is solved wusing the derivative-free Nelder-Mead optimization algorithm [117]. The
implementation of the UMAT in ABAQUS, notably the minimization algorithm and the
calculation of the tangent operator

do
=—, 3.53
de ( )

necessary for accelerated convergence of the main finite element routine, are detailed in [41]
[118].

3.3.3.2. Model parameters identification

Most of the parameters of the model can be identified using tensile tests and DSC
experiments. The parameter fitting procedure was divided into three stages. First, we fitted
the parameters related to the stress-induced B2—R transformation, then those related to
the stress-induced B2/R—B19’ transformation, and finally those that determine the energy

dissipation rate and the mechanical hysteresis.

e Experimental ]
— Exponential fitting

20 40 60 80 100
T[°C]

Figure 3-35 B2 phase Young’s Modulus evolution with temperature.
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To begin with, we identified the Young’s Modulus of the B2 phase at four different
temperatures: 32.5, 40, 60, and 80°C. The Young’s Modulus was determined as the slope of
the best-fit straight line passing through the stress-strain data recorded upon the first
100MPa loading of straight wire samples. The calculated values evolved from 77.46GPa at
32.5°C, up to 86.15GPa at 80°C as we illustrate in Figure 3-35. In order to simulate the
tensile response of hourglass-shaped samples using Sedldk et al. model, we defined the
Young’s modulus of the B2 phase as

9.23
1+exp{-032[ T - (R, -5)]}

S

ENT) = +76.92, (3.54)

where the R, transformation temperature is the same one identified in DSC curves (25.5°C).
On the other hand, the Young’s Modulus of B19’ martensite was determined as the best-fit
straight line passing through the first 100MPa unload upon the local superelastic response
at 32.5°C (see Figure 3-29).

The Young’s moduli of the B2 and B19’ phases allowed us to calculate their correspondent
shear moduli G* and G by using the following relationship for homogeneous elastic isotropic

materials:

o = 3KE

=, 3.55
9K - F' ( )

for i € A, M (B2 and B19’ phases respectively). The phase-independent bulk modulus K was
established equal to 150GPa, based on the experimental evidence reported by Wagner et
al.[116].

The elastic properties of the R-phase resulted more complicated to determine since when
R-phase is stress-induced at ambient temperature and above, it is always mixed with B2
austenite. In order to determine suitable elastic constants that reproduce well the tensile
response of our material, we carried out a least-squares error minimization (LSEM) between
the local experimental response shown in Figure 3-26a and the model, with G® and As4R as
the minimization variables. For this fitting process, the R, and R; temperatures, which may

600 : : : : ~
= 5007 =
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= 2
— 400 g
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z e Experimental
4
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#
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200

4 50 60 70 80
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Figure 3-36 Evolution of the B2—R transformation stress onset with temperature.
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also affect the mechanical response upon the B2—R transformation, were set equal to the
temperatures identified in DSC experiments.

After determining the shear modulus of R-phase, we proceeded to better fit the specific
entropy difference As4R, which rules the evolution of the onset of the stress-induced B2—R
transformation with temperature. We defined an expression for the B2—R onset stress by
evaluating the governing equation (3.48) at the point (&,7,€™) =0,0,0]. The above turns

out in the following relationship:
- AsM(T - R)=0 (3.56)

where s;; is the second invariant of the deviatoric stress, defined as

s, = %alefu(U)ijalev(d)ij7 (3.57)
with
dev(a) = 2G" dev(€) (3.58)

as deduced from the equation (3.39). We may consider equation (3.56) as a von Mises-like

yield surface

fy = 0'6{1 - O'R(T) =0 (3.59)
where
g, = 3s,, (3.60)

is the von Mises equivalent stress, and

6G G "As* (T - R)
o,(T) = \/ :

T (3.61)

the temperature-dependent transformation stress. Note that, apart from As4®, the model
establishes that the evolution of the B2—R transformation stress with temperature is also
affected by the elastic constants of the B2 and R (already identified) and R.(determined by
DSC).

Considering a pure uniaxial stress state (opq = 0;), we determined the specific entropy
difference As4® using a least-square error minimization between equation (3.59) and the
B2—R transformation stress onsets at 32.5, 40 and 80°C previously presented in Figure 3-21.
The resulting evolution of the onset of the stress-induced B2—R transformation with

temperature is illustrated in Figure 3-36.
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Now, concerning the evolution of the B2—R transformation upon loading, the model
establishes a transformation kinetics independent of the temperature; therefore, the stress-
induced B2—R transformation is delayed at higher temperatures but proceeds at the same
hardening rate. However, the tensile response upon the B2—R transformation on straight
samples (see Figure 3-37) clearly shows that the hardening rate actually decreases with
lowering temperature. In order to render the stress-induced R-phase transformation kinetics
temperature-dependent, we defined an upgraded definition of the equilibrium temperature
between B2 and R:

(Rf—Rh(T—RS))—R
. R+ it T>R
T)(n.&.T) == 1-¢ 2 (3.62)
,7 Rf_Rs .
R+ if T<R
s 1_5 2 s

where R is a material parameter. In this way, we enlarge the R,-R; difference at higher
temperatures, which turns out to spread the phase transformation over a wider stress range
upon mechanical loading; thus, reducing the hardening rate. The R value was determined
using the LSEM fitting method, whereas the transformation temperature Ry was identified

from DSC experiments.

The onset of the B2/R—B19’ transformation was determined by evaluating the
subderivative established in the governing equation (3.47) when &0

d(e", & 8", &) - d(g", & ",0)
; .

str

700,d = lim (3.63)
é-07

For a uniaxial loading at a stress just belowo,,., =k, € =0, and £=0. Then,

replacing (3.41) in (3.63) results in the following expression:

1000 — linear fit 80°C

— 32.5°C o
550, = 40°C 2=
= — 60°C 7
&y go0 IL—=_80°C 5 _
z —~
oS 400 |
200 | =
0

0 02 04 06 08 1 1.2
o
. [%)]
Figure 3-37 Tensile responses of NiTi upon stress-induced B2 —R phase transformation at 32.5, 40, 60, and
80°C. The experimental curves are plotted in solid lines while the modeled ones are plotted in dashed lines.

The experimental curve at 32.5°C was extracted from the local response of an hourglass-shaped sample,
whereas the experimental responses at 40, 60, and 80°C were obtained from tensile tests of straight wires.
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2 AT™(0 o|ée" + &
_ 60(07,7) O-MT > + O-MTk _ ASAM(T _ Mé) +/7ASAR U@({J]) _ o_nzo “ a{

=0, (364)
& 6G(0,n)

where dev(o): € have been replaced by = oyrk , as we consider an uniaxial loading case.
In order to ease the parameter identification, we neglected the dissipation term related to
the martensite reorientation (i.e.d™°(T) = 0). In this way, the evolution of the onset of the
B2/R—B19’ transformation with temperature is affected by the shear moduli of the material,
the transformation strain k, and by the material parameters M, and As?M. The
transformation strain &, was made equal to the length of the stress plateau of the straight
sample tensile response shown in Figure 3-29. On the other hand, the values of M, and As4M
were fitted using the LSEM method with respect to experimental B2/R—B19’
transformation onset stresses identified using hourglass-shaped samples at 32.5, 40 and 80°C
(see Figure 3-39b-d).

The M,-M; difference and the E™ affect the hardening rate upon the B2/R—B19’
transformation. Since the model is not suited to reproduce the fast nucleation of martensite
that gives rise to the softening-like response obtained experimentally via DIC and x-ray
diffraction experiments, the closest fit that we are capable to obtain is a stress-plateau
response, in which the material transforms progressively into B19’. To reproduce a stress-
plateau response, we established the M; value close to M; and gave E™ a value in the order

of some MPa’s.

The final step to complete the model parameters fitting consisted in establishing the
transformation temperature As, which defines the onset of the reverse transformation stress
plateau. We determined the As value so the lower plateau of the constitutive response of
the material fitted with the lower stress valley shown by hourglass-shaped samples
experiments at different temperatures, which are presented in Figure 3-39. Upon reverse

transformation, the plateau stress response is again reproduced by making Aclose to As.

The list of the parameters that allow describing the thermomechanical behavior of our
studied material is presented in Table 3-6. The constitutive mechanical responses at 32.5,
40, and 80°C are presented in Figure 3-38.

In the following section, we proceed to contrast simulation of the tensile responses of NiTi
hourglass-shaped samples at different temperatures with experimental results. In addition,
we analyze the impact of phase transformations, as predicted by the model, on the stress

field of upon tensile loading.
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Parameter  Value Unit Comment

Elastic constants

K 150 GPa Bulk Modulus: obtained from Wagner et al. [116].

! 27.4 @32.5°C  GPa Shear Moduli: the values were obtained from equation (3.55), using

28.7 @40°C the Young’s Modulus measurements on tensile responses of straight
30.6 @80°C wires.

G 15.05 GPa

GM 9.18 GPa

Transformation strain

k 0.053 mm/mm Transformation strain: equal to the superelastic stress plateau of the
straight wire tensile response 32.5°C (Figure 3-29).

Chemical potential

Ty - °C Equilibrium temperature between B2 and B19’. It was not used in
our simulations since ¢ was neglected.

M, -11.6 °C

M; _19 oC B19’ transformation temperatures. The values here were obtained

A 15 o using the LSEM fitting method. They affect mainly the stress

A, 16 °oC onsets for forward and reverse transformations.

R, 25.5 °C R-phase transformation temperatures. The values here were

Ry 11.5 °C extracted from DSC experiments (Table 3-3).

Ry 0.358 °Ct Ry temperature correction parameter. The value was obtained from
LSEM fitting method.

As*E 0.036 MPa/°C  Entropy differences between B2 and R and B2/R and B19’ phases.

AsM 0.588 MPa/°C Their values were obtained through LSEM fitting method. They

Mechanical dissipation function

0
Oreo 0

ZT@D O

Regularization term
c 30
Emnt 7

MPa
MPa/°C

MPa
MPa

control the evolution of the stress onsets of transformations with

temperature.

Neglected. 0,¢,(T) describes the low temperature material yielding
(& = 1) and affects the evolution of the hysteresis with temperature

in the case of superelastic simulations.

These parameters affect mainly the start and the end of the kinetics
of phase transformations.

Table 3-6 Model parameters used for simulating the tensile response of the studied material in a range of

temperatures between 30-80°C.
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Figure 3-38 Constitutive responses of NiTi at 32.5, 40, and 80°C using the Sedldk model and the parameters
identified in Table 3-6.

3.3.3.3. Simulations vs Experiments

In order to simulate the tensile response of NiTi hourglass shaped samples by finite element
analysis in ABAQUS, we used an axisymmetric version of the model of Sedlak et al. The
material calculations were performed by ABAQUS through a so-called UMAT subroutine
coded in C++ containing the model equations. The boundary conditions used for the
simulations were the same as the ones that we presented before for elastic analysis of tensile
loaded hourglass-shaped samples (Figure 3-4a). We used bilinear axisymmetric quadrilateral
elements referred as CAX4R in ABAQUS, allowing for two displacement degrees of freedom
and one integration point. In order to have reasonable calculation lengths, guarantee the
convergence, and have a good spatial distribution of material points, we used the 10-element
mesh size previously introduced in Figure 3-4b and recalled in Figure 3-39a.

The simulations were carried out by imposing an axial displacement to the control point
RP, connected to the upper surface of the sample (see Figure 3-39a). The reaction force vs
the applied displacement responses was contrasted with the load cell vs extensometer
elongation responses upon quasi-static experiments performed on hourglass-shaped samples
at 32.5°C (DIC experiment described in section 3.3.1), 40°C, and 80°C. The simulated and
experimental curves are shown in Figure 3-39.

As observed in Figure 3-39, the model reproduces well the mechanical behavior of
hourglass-shaped samples at nominal stresses below the B19’ yielding point, defined at the
stress peak of the experimental curves. The soft nonlinearity that supposes the stress-induced
B2—R phase transformation is well captured by the von Mises-like yielding surface proposed
by the model. In addition, the redefinition of the equilibrium temperature T by equation
(3.62) allows describing correctly the subtle loss of stiffness exhibited by the macroscopic
response at 80°C. We also validated the axial strain distribution at the surface of the sample
resulted from simulations with respect to the strain profiles obtained via DIC (see Figure
3-40b). The simulation axial strain values shown in Figure 3-40b were extracted from the

integration points of the elements placed at the surface of the sample. As observed there,
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Figure 3-39 Superelastic tensile response of hourglass-shaped samples of NiTi#1 heat-treated at 500°C for 30
minutes obtained experimentally and by simulations: a) 32.5°C, b)40°C, and ¢)80°C. The curves are presented
in terms of the elongation of a clip-on (u,) attached outside the groove zone of the samples, and the nominal
stress (0nom ), calculated as the force measured by the load cell divided by the initial mid cross-section of the

sample.

the simulated profiles reproduce well the axial strain distribution around the mid cross-

section upon the B2—R transformation. These results reassure the following analysis of the

stress distribution upon stress induced B2— R transformation at 32.5°C presented in Figure

3-40c.
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Figure 3-40 Tensile response of an hourglass-shaped sample at 32.5°C in the B2—R regime. a)Comparison
between experimental and simulated macroscopic responses. b)Comparison between experimental and
simulated axial strain profiles centered at the mid cross-section. ¢)Evolution of the stress tensor components,

[
2

triaxiality ratio M and volume fraction of R-phase.

Upon elastic loading of B2 austenite, the maximal axial stress and von Mises equivalent
stresses are located at the surface of the mid cross-section. As a result, the stress-induced
B2—R transformation is initiated at this location, and then it propagates towards the axis
of the sample and along the groove. The larger inelastic axial deformation at the mid cross-
section caused by the transformation entails a more intense cross-section reduction in the
middle of the sample (see 100x scaled deformed sample in Figure 3-42a). Such a
heterogeneous cross-section reduction is compensated by a positive shear stress in the surface
of the groove and positive radial and transverse stresses in the sample’s axis. However, since
the magnitudes of the shear, transverse and radial stresses are small compared to the axial
stress (~2%), the material remains close to a pure uniaxial stress state, which is reflected by
the closeness of the triaxiality ratio contour map to 1/3 (see M in Figure 3-40c).

96



Structural Fatigue of Superelastic NiTi Wires

i o
1()0()T—32'5 C mid cross-section - - Experimental
— Model

900 - - Experimental

800
200 — Model

600 % 5
500 2

400 Vi

[3) 300 ,/ A
200 S T
100

[MPa]

nom

650.000
606.667
563.333
520.000
476.667
433.333
390.000
346.667
303.333
260.000
216.667
173.333

BERRRNRLLRRROnNnS
OWNOWNOWNOWIOW~O
000000000000000K
gopkNusrnoNDRRY

JwOoNWOoNwo
900000000090000 K
QORNNWARNDONDDOD
OUWONNONWONWONWO

POD0000000000000
ONWOoO~NwW

Figure 3-41 Tensile response of an hourglass-shaped sample at 32.5°C in the B2/R—B19’ regime upon
loading. a)Experimental and simulated macroscopic responses. b)Experimental and simulated axial strain
profiles centered at the mid cross-section. ¢)Stress tensor components, triaxiality ratio M and volume fraction
of R-phase and B19’.

Once the stress reaches the onset of the B2/R—B19’ transformation, the model supposes
a continuous evolution of the volume fraction of B19’ along the stress plateau of the
constitutive response. As a result, the sudden decrease of the axial force and the rapid
increase of the axial deformation at the mid cross-section, caused by a very fast
transformation of a confined volume in the middle of the sample, are not well reproduced by
the model. However, the simulated macroscopic responses shown in Figure 3-38 exhibits
actually a small decrease of the axial force (nominal stress) upon the first stage of the loading
after the B2/R—B19’ transformation starts. This is due to a severe cross-section reduction
in the mid cross-section as we observe in the shape changes suffered by the sample along the
B19’ transformation shown in Figure 3-42b. In fact, the simulated axial stress at the mid
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Figure 3-42 Scaled deformed stress contour maps upon stress-induced B2—R (a) and B2/R—B19’ (b) phase
transformations. The color scale for each contour plot was kept the same as in Figure 3-40 and Figure 3-41.

cross-section (see contour plots in Figure 3-41¢) continues to increase in spite of the drop of

macroscopic force.

The difference between the stress-induced B19’ nucleation in experiments and simulations
is observed clearer in the strain profiles at stage 4 in Figure 3-41b. After the transformation
starts the DIC strain profile 4 shows a rapid axial strain increase of ~3% at the mid cross-
section during the axial force drop. In contrast, the simulated profile shows an axial strain
increase of only ~1%. Interestingly, in numerical simulations, between stages 4 and 5, the
transformed zone remains locked in a ~2mm length zone centered at the mid cross-section.
Between these stages, only the axial strain inside the locked zone keeps increasing while it
remains almost the same outside of it. A similar behavior was captured by DIC analysis but
in much short extensometer elongation range during the nominal stress drop that follows
the transformation onset (see Figure 3-27). After stage 5 in Figure 3-41a, the simulated
nominal stress starts increasing and the B19’ phase propagates along the groove.
Consequently, at stage 6, the resulting strain profile is broader and flat at the mid cross-
section. Surprisingly, even though the simulated nominal stresses between stages 5 and 6
resulted higher than the experimental ones, the simulated axial strain profiles correlate with
the experimental axial strain profiles.

98



Structural Fatigue of Superelastic NiTi Wires

The characteristic cross-section gradient of hourglass-shaped samples becomes nearly

homogeneous once the transformation into B19’ is completed (see Figure 3-43b). As a result,

at the transformation front, there is an abrupt change of the cross-section that leads to a

complex stress state around of it. Above the front, in the B2/R zone, positive shear stresses

are generated in response to the high shear strain produced by the abrupt cross-section

change. Because of the shear stresses, a positive and a negative radial and transverse stresses

zones are induced below and above the front respectively. In addition, the shear stress zone,

generated at the surface beneath of the transformation front, restricts the axial stress at the

surface of the sample, which becomes maximal at the samples axis upon the transformation

propagation.
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Figure 3-43 Distribution of the axial stress, triaxiality ratio and crystallographic phases upon stress-induced
B2—R transformation (b), and B2/R—B19’ transformation (c) at highlighted stages shown in (a).
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According to these observations, when the material transforms from B2/R mixed-phase
into B19’, it does it first at the surface of the sample. However, since the deformation related
to the transformation entails cross section disparities at the transformation front, and shear
stresses at the surface of the groove, the maximal von Mises stress starts shifting towards
the sample axis; therefore, the B19’ transformation, although starting at the surface, is
completed first at the sample axis. The resulting transition zone, between fully transformed
B19’ phase and untransformed B2/R mixed phase, is defined by two concave boundaries
opposed to each other. The magnitudes of the maximal radial and transverse stresses in the
transformation front remain ~17% of the maximal axial stress at the mid cross-section during
the propagation. The maximal magnitude of the shear stress, on the other hand, increases
as the front moves up in the z-direction. As a result, the triaxiality ratio at the
transformation front distance from 1/3 (pure uniaxial loading state) especially at the
sample’s axis. Otherwise, once the transformation into B19’ is completed and the

microstructure becomes homogeneous, the stress state returns near to pure uniaxiality.

Figure 3-43 details the evolution of the axial stress, triaxiality ratio and crystallographic
phases along the radius at the mid-cross section upon the B2—R (Figure 3-43b) and
B2/R—B19’ transformations (Figure 3-43c). The inelastic deformation induced by the
B2—R transformation acts as a stress reliever similar to plasticity in traditional alloys. As
a result, the stress concentration factor Ky decreases as the transformation proceeds,
dropping from 1.025 in elasticity down to 1.006 at stage 3 upon transformation. On the other
hand, the distributions of the axial stress at stages 1 and 2 remain the same as in elasticity,
being higher at the surface and decreasing quadratically towards the sample axis. At stage
3, some small amount of B19’ starts to develop, which relieve stress at the surface and boost
the axial stress at the sample axis. Moreover, during the B2—R transformation, the
triaxiality ratio M across the mid cross-section keeps a similar distribution as in elasticity,
being closer to 1/3 at the surface and higher at the axis. The red curves in (Figure 3-43b)
denote a nearly homogeneous distribution of the R-phases upon nominal stress increase;
therefore a nearly homogeneous distribution of the von Mises equivalent stress across the

mid cross-section.

Upon the B2/R—B19’ transformation, the axial stress distribution changes drastically
compared to elastic loading and stress-induced B2—R transformation. At stage 4, the small
amount of B19’ phase already induced in the mid cross-section (~10%), shifts the maximum
axial stress to the sample axis; thus, releasing the stress at the surface, where the triaxiality
ratio M remains close to 1/3. As a result, the stress concentration factor Ky becomes lower
than one at the surface and keeps decreasing until the mid cross-section transforms almost
entirely at stage 5. Between stages 5 and 6, the mid cross-section, being in a near 100% B19’
phase, is loaded elastically, which makes the axial stress at the surface to increase slowly
while the one at the axis is kept constant. The resulting homogenization of the cross-section
radius after B2/R—B19’ transformation completion makes the triaxiality ratio to become
practically 1/3 in the mid cross-section.
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3.3.3.4. Approximation of the local material response of NiTi using the macroscopic

response of hourglass-shaped samples

Based on the DIC experiments presented in section 3.3.1 and the previous finite element
simulations analysis, we propose an alternative method for calculating the strain of a
confined material volume located at the surface of the mid cross-section of hourglass-shaped
samples. The following method uses the force vs extensometer elongation macroscopic
responses. The aim of this procedure is to evaluate the maximal strain at the mid cross-
section when the use of DIC is limited e.g. high-frequency fatigue testing or temperature
controlled tensile tests carried out inside a thermal chamber.

The method consists in separating the confined strain at the mid cross-section into a linear-

elastic and an inelastic part:
£ =&l +e" (3.65)

The elastic part ¢ is calculated by inserting the experimental force F and the initial cross

section Sy into the Hooke’s law:

gl= L (3.66)
Ry

Here, the Young’s modulus F is calculated using the equation (3.10):

L
p=2E C+i2 <=L ||
]Tugl T;u 2

which was previously introduced in section 3.1.1. In this case, F' and uy correspond to the
load cell and extensometer data respectively lying on the linear regime of the macroscopic
response at low stresses. The final value of FE is calculated by averaging the array of values
obtained from the equation (3.10).

The inelastic strains i, are calculated from the inelastic macroscopic displacements u®
using the relationship plot in Figure 3-44. Similar to the strain partition, the inelastic
displacements are calculated from extracting the elastic displacements from the total

displacements measured by the extensometer:

u" =u —u (3.67)

z

The linear-elastic strains u¢' are calculated using the equation (3.8):

for the complete force data set F' of interest.

The curves in Figure 3-44, showing the relationship between inelastic displacements and
the confined inelastic strain at the mid cross-section, were obtained from finite element
simulations at 32.5, 40, and 80°C. With the aim of validation, we plotted the relationship
obtained from DIC measurements as well.
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Figure 3-44 Inelastic local strain evolution in terms of inelastic macroscopic displacement.

As observed in Figure 3-44, the predicted inelastic strains are underestimated when the
material enters the B19’ transformation regime, as the rapid strain increase at the mid cross-
section at the transformation onset is not captured by the model. Otherwise, the nonlinearity
entailed by the B2—R transformation is well reproduced by the model at 32.5°C.

As a result, this strain calculation procedure is valid only upon monotonic loading in the
B2—R transformation regime, considering the material is loaded from a pure B2 austenite
state. In the following chapter, we employ this relationship in order to analyze the high-
cycle fatigue phenomena occurring in NiTi using hourglass-shaped samples.

3.4. Summary

Hourglass-shaped samples are the most appropriate geometry for carrying out High Cycle
Fatigue studies. They provide an effective way for confining the deformation and damage
process occurring in the material upon repetitive tensile loadings. However, they introduce
stress concentrations due to their progressively reduced cross-section, which may play a
detrimental role in the fatigue performance of tested materials. Consequently, the
characterization of the stress in the mid cross-section of hourglass shaped samples is required
before carrying out fatigue studies. In this chapter, we showed finite element simulation
results of tensile loads applied to hourglass-shaped with diameters between 1-2mm and cross-
section reductions between 50-90%. The simulations were carried out in the first place using
an isotropic elastic constitutive law. From these numerical simulations, we may extract the

following conclusions:

- The hourglass-shape does not introduce nonlinearities in the macroscopic tensile
response of the samples.

- Upon elastic loading, the material in the surface in the mid cross-section of the sample
bears the highest axial stress. However, the triaxiality ratio shows that the material at
the surface also experiences a more uniaxial stress state compared to the material in
the axis of the sample.

- For the range of sample dimensions simulated by FEA, keeping in mind that we fixed
the groove radius to 10mm, the more pronounced the cross-section reduction, the lower

the axial stress concentration in the surface. This is a direct effect of the length of the
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reduced cross-section zone on the stress distribution in the mid cross-section of the
samples.

- The analytical formulation of the tensile response of hourglass shaped samples results
valid for the range of samples dimension simulated. In the worst-case scenario, the
tensile stress at the surface differed from the nominal stress value in only 2%.

In addition, we simulated the tensile response of hourglass-shaped samples with a perfect-
plasticity constitutive law. Upon these simulations, we evidenced prominent changes in the
stress state of the material in the reduced cross-section zone, notably, a high shear stresses
concentration in the interface between the yielded and the elastic material, together with an
increase of the hydrostatic pressure in the axis of the sample. These stress concentrations
directly related to the pronounced cross section reduction entailed upon plastic yielding.

After the characterization of the stress in the reduced cross-section zone of hourglass-
shaped samples, we introduced the material of this study: nearly equiatomic NiTi, prepared
via cold-drawn. We evidenced how the heat treatment applied to the material affects its
thermomechanical behavior. Annealing heat treatments between 400°C and 500°C affect
notably the response of the material in the B2-elastic and B2—R phase transformation
loading regimes. We concluded that low heat treatment temperatures tend to stabilize more
R-phase at room temperature. As a result, their mechanical responses resulted more
compliant. Interestingly, when comparing the tensile responses of samples that received
different heat treatments at 80°C, we observed smaller differences in their mechanical
responses. This suggests that in the absence of R-phase, B2—B19’ transformation is
unaffected by the temperature of the applied heat treatment. Based on these results, we
decided to focus on the study of NiTi annealed at 500°C for 30 minutes, as it facilitates the
assessment of the fatigue behavior in the B2-elastic, B2—R, and B2/R—B19’ loading
regimes in a temperature range close to the ambient temperature. By testing a single heat
treatment, we discard the sample preparation from the list of factors that affect the fatigue
of NiTi.

We concluded this chapter by carrying out a detailed study of the mechanical response of
NiTi hourglass-shaped samples heat-treated at 500°C for 30 minutes using Digital Image
Correlation (DIC), high-resolution X-ray diffraction, and finite element analysis. From this
study, we can draw the following conclusions and observations:

-  B2—R transformation shows a hardening-like response with an almost imperceptible
hysteresis. The transformation occurs gradually by increasing the stress, as evidenced
by the progressive x-ray diffraction patterns changes and the smooth strain increase
observed via DIC.

- When the B2/R—B19’ transformation is stress-induced, a volume ~lmm height
transforms almost instantaneously in the mid cross-section of the sample. This
phenomenon was observed in both DIC and x-ray diffraction experiments. The phase
transformation generates large axial strains and at the same time, pronounced cross-

section reductions.
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- We fitted a thermomechanical model suitable for SMA, which allowed us to reproduce
the B2—R transformation responses of hourglass-shaped samples at different
temperatures.

- From finite element simulations, we determined that the cross section reduction
entailed by the B19’ transformation contributes to the softening phenomena observed
in the macroscopic response of the samples.

- The B2—R transformation acts as a stress reliever on the surface of the sample causing
a decrease of the stress concentration factor with respect to elastically loaded B2
austenite.

- On the contrary, when B19’ transformation is achieved, the material experiences a
complex multiaxial stress state which was to reproducible by the applied

thermomechanical model.
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Chapter 4.Fatigue of NiTi

hourglass-shaped samples

The previous chapter focused on the behavior of hourglass-shaped NiTi samples upon
external tensile loading. We explained the mechanical behavior of the stress-induced phase
transformations in hourglass-shaped samples, which lay the foundation for the following
fatigue analysis. In this section, we address the cyclic stress and strain conditions that affect
the lifetime of hourglass-shaped NiTi samples especially in the stress regime underneath the
B19’ transformation stress, commonly denoted as the high cycle fatigue regime (HCF). Next,
we begin with a description of the experimental protocol adopted for the fatigue tests. Then,
we present the S-N curves obtained from fatigue tests carried out at different temperatures.
The S-N data permitted us to evaluate several commonly used fatigue criteria and a
prediction model. After that, we complemented the S-N analysis with macroscopic strain-N
curves, which aid to clarify the role of phase transformations and temperature on the lifetime
of superelastic NiTi wires. The fracture surfaces of the samples that failed upon fatigue
testing are analyzed afterward allowing to picture the crack initiation and propagation
processes upon repetitive pull-pull loadings. This analysis is complemented by observations
of the evolution of the mechanical response of the samples, supported by DIC and fast
infrared thermography.
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4.1. Experimental protocol

NiTi#1 hourglass-shaped samples, heat-treated for 30 minutes at 500°C, were subjected
to pull-pull fatigue cycles in the force-controlled regime at temperatures of 40°C, 60°C and
80°C. The tests were carried out on a servo-hydraulic testing machine INSTRON 8872
equipped with a 25kN load cell. The tests were performed inside a thermal chamber
EUROTERM 28400 for guaranteeing isothermal conditions. In addition, a thermocouple
type E was placed near the sample to verify the test environment temperature. The
macroscopic deformation was tracked by a 10 mm gauge length dynamic -clip-on
extensometer attached to the sample. A picture of the experimental setup is presented in
(see Figure 4-1a). The tensile machine applied sinusoidal-shaped force cycles with a ratio
between the maximum and minimum nominal stresses (R = Opin/0Omax) equal to 0.1. The
load frequency for all tests was 25Hz and the runout of the fatigue testing was set to 1.5

million cycles.

Upon cyclic testing, the characteristic localized B19’ transformation of tensile loaded NiTi

wires makes them prone to fatigue fracture inside the grips, even when using reduced cross-
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Figure 4-1 Fatigue tests experimental protocol. a) Experimental setup. b) Clamps alignment verification. c)
Three-jaw chucks used for clamping the samples. d) Schematic representation of the load applied to a sample
during a fatigue testing.
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section samples (e.g. hourglass-shaped samples). In order to prevent fracture outside the
groove zone, we clamped both sides of the samples using three-jaw keyless chucks Proxxon
28941 MICROMOT (see Figure 4-1c). These jaws are a self-tightening and allow a good
distribution of the clamping force around sample surface. In order to reduce bending stresses
that inadvertently occur due to misalignment between the applied force and the sample axis
during the application of tensile forces, we verified the relative position between the upper
and lower machine clamps using cone-shaped alignment bars as illustrated in Figure 4-1b.
The position of the lower clamp could be eventually modified by tightening or loosening a

set of six balance screws mounted on its base.

Before testing a sample, we heated it up to ~120°C using a hot air blower intending to
equalize the initial microstructure of all fatigue tests. Then, the sample was clamped in the
machine and the heat chamber set at the desired testing temperature. Upon heating, the
tensile machine was transferred into force control mode in order to prevent increasing of
external stresses due to the thermal expansion of the sample and clamps. The test was run
once the temperature near the sample stabilized at the desired temperature (verified by
means of the type E thermocouple). Each test started by loading the sample up to the
nominal mean stress of the fatigue cycle (o,,) at 5MPa/s. After that, the amplitude of the
sinusoidal-shaped nominal stress increased linearly during 2s up to the target amplitude o,

was achieved (see Figure 4-1d).

The applied nominal stress amplitudes involved deformations through elasticity, R-phase
transformation, and B19’ martensitic transformation. Note that the effect of the test
temperature is twofold. First, it affects the R-phase transformation being almost suppressed
at 80°C while well pronounced at 40°C; therefore, testing at 40°C emphasized the
deformation through the B2e&R-phase transformation involved in most applied amplitudes,
while testing at 80°C emphasized the elastic deformation of austenite at amplitudes below
the onset of the B19’ martensitic transformation. Second, the temperature changes the
critical stress for the onset of the B19’ martensitic transformation. At 80°C, the onset appears

1000
900 +
800 -
700 +
600 -
500 +
400 +
300 | proves
200 + 60°C
100 | — 80°C

[MPa]

nom

0 0.05 0.1 0.15
u, [mm]

Figure 4-2 Nominal stress vs extensometer elongation responses of hourglass-shaped samples tensile tested at
40, 60, and 80°C. The response at 60°C was obtained from finite element simulations.
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at 900 MPa, at 60°C it does at 775MPa, and at 40°C, it appears at 600 MPa (see Figure
4-2).

4.2. S-N curves

The S-N curves obtained from fatigue tests at 40, 60 and 80°C are presented in Figure
4-3. The curves are presented in terms of the maximal cyclic nominal stress applied to the
samples (Opmqx) and the number of complete sinusoidal cycles before failure (N¢). Note that
on each curve we highlighted the onset stresses for B2/R—B19° and B2—R phase
transformations. In the case of samples tested at 40°C and 80°C, the onsets were established
using thermography and by evaluating inflection points in their mechanical responses as
explained in the previous chapter. In the case of samples tested at 60°C, the phase

transformation onsets were obtained by finite element simulations.

The endurance limits referred as g, in Figure 4-3, were obtained using the Dixon and
Mood method [119]. The method assumes that the fatigue endurance limit follows a normal
distribution. It provides formulas for the mean endurance limit and the standard deviation.
The method consists in evaluating an odd number N of fatigued samples near the infinite
life regime, and determine whether failure or runout had the lowest occurrence. Then, the
samples corresponding to the lowest occurrence event are indexed from ¢=0 to i=Ng, where
Ng is the total number of occurrences of the selected event. Indexes ¢ are given according to
the applied stress; thus, the index =0 is given to the lowest maximal applied stress and i=
Ng is given to the highest maximal applied stress. After that, we determine the number of
events per index P;, from which we calculate,

and
N,
Q=>iP,. (4.2)
Finally, the average endurance limit is calculated using the following equation:
Q. 1
g =0_ +pl—=+— 4.3
e e=0 p[P 2 ( )

where 0,_g is the lowest stress value in the group of Ny samples and p is the stress step,
denoted as the lowest stress difference magnitude between the group of N fatigue points. If
the lowest occurrence event is the failure, the equation (4.3) is calculated using +1/2. On
the contrary, if the lowest occurrence event is the runout, it is done using -1/2. The standard

deviation, on the other hand, is calculated by:
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The list of samples used for calculating the average endurance limits at 40, 60, and 80°C
is presented in Table 4-3, Table 4-2, and Table 4-3 respectively. The calculated values for
P, @, g, and s, for the temperature are presented in Table 4-4 to Table 4-6.

The endurance limit at 80°C was established equal to 540 MPa, being 123 MPa higher
than the endurance limit at 40°C (417 MPa), but practically equal to the endurance limit
at 60°C (535MPa). For stresses above the endurance limit, the number of cycles decreases
exponentially with the maximum applied stress, as commonly observed in S-N of structural
alloys. The best-fit lines, plotted together with the fatigue data for each temperature in
Figure 4-3, were obtained by linear regression of the data points above the endurance limit
and below the B19” transformation onset stress in log(gy,4x) vs log(2Ny) scale. As we observe,
the exponents of the resulting exponential equations are the same at 40°C and 80°C (-0.154),
showing that the trend of the lifetime with the maximum stress remains the same regardless
of the temperature. As we will present later, when plotted together, the evolution of the
fatigue strengths at 60 and 80°C are very close to each other; therefore, we attribute the
difference in the exponent value at 60°C to the lack of data points used for the log-log
straight-line equation estimate.

These tests promote elastically deformed NiTi as a more resistant material to fatigue
damage in the HCF regime compared to NiTi exhibiting intermediate R-phase

o-nom

[MPa] 1 2 3

4

Fatigue at 40°C - Number of samples

5

6

7

8

9

10

11

12

13

400 )

0]

410 X

X

0)

)

420

430

X

)

440

X

Table 4-1 Selection of fatigue tests used for the calculation of the endurance limit at 40°C. The tests marked

as X represent failure and those marked as O represent runout.

0.om Fatigue at 60°C - Number of samples
[MPa] 1 2 3 4 5

530 0) ) )

540 X X

Table 4-2 Selection of fatigue tests used for the calculation of the endurance limit at 60°C. The tests marked

as X represent failure and those marked as O represent runout.

Onom Fatigue at 80°C - Number of samples
[MPa | 1 2 3 4 5 6 7
510 O
530 0 X O
550 X 0
570 X

Table 4-3 Selection of fatigue tests used for the calculation of the endurance limit at 80°C. The tests marked

as X represent failure and those marked as O represent runout.
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anom
[MPa] 7 P; iP; *Pi
410 0 2 0 0
420 1 1 1 1
430 2 1 2 4
440 3 1 3 9
Sum P=5 Q=6 R=14
Oc 417 MPa
s 22.5 MPa

Table 4-4 Calculation of the mean endurance limit at 40°C.

anom
[MPa] 7 P; iP; *Pi
540 0 2 0 0
Sum P=2 Q=0 R=0
O, 535 MPa

S -

Table 4-5 Calculation of the mean endurance limit at 60°C

Onom
[MPa] 7 P; iP; *Pi
530 0 1 0 0
550 1 1 1 1
570 2 1 2 4
Sum P=3 Q=3 R=5
Oc 540 MPa
s 22.5MPa

Table 4-6 Calculation of the mean endurance limit at 80°C

transformation. The worsening effects of the temperature in the fatigue of typical structural

alloys seem to play a minimal role with respect to the R-phase transformation in this case.

4.2.1. Effects of the mean stress

In the attempt to provide a better understanding of the fatigue performance of superelastic
NiTi in the HCF regime, we hereby analyze the obtained results using a commonly applied
fatigue prediction model. The model is based on the Basquin’s law:

— ! b
g,=0,'(2N,), foro >0, (4.5)

which establishes an exponential relationship between the stress amplitude (0,9) of a fully-
reversed, constant amplitude fatigue test (i.e. mean stress g,, = 0, hence R = —1) and the
number of load reversals to failure 2N. In (4.5), of’ is known as the fatigue strength
coefficient, which is approximated to the true fracture strength oy, corrected for necking, in
a monotonic tensile test. The Basquin’s exponent b, on the other hand, determines the rate
of the lifetime decrement with increasing the loading amplitude. b is in the range of -0.05 to

-0.12 for most metals [120]. g, is the fatigue endurance limit under fully reversed conditions.

Since the characterization of the fatigue behavior of the studied NiTi wires was performed

at a fixed stress ratio (R = Zm—in = 0.1), the fatigue data points previously presented in Figure
max

4-3, involve different combinations of stress amplitudes (0,) and mean stresses (0,,). In order
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Figure 4-4 Schematic representation of a constant life diagram

to account for the role of the mean stress on the fatigue predictions using the Basquin’s law
(4.5), it is necessary to project the mean stress and stress amplitude values in Figure 4-3

into equivalent fully-reversed stress amplitude values. For this, we propose the following

expressions:
g
Goodman: g =0, (1 - —m] , (4.6)
Org
g
Soderberg: g =0, (1 - J, (4.7)
O-MT
o 2
Soderberg modified: o =0 |1 —( = J . (4.8)
UMT

The expressions (4.6)-(4.8) allow the construction of constant-life diagrams, which
determine the loading conditions under which the material is expected to fail after a definite
number of loading cycles. A schematic representation of a constant-life diagram for N number
of cycles, represented by the Goodman relation (4.6), is illustrated in Figure 4-4. The
combination of mean stress and amplitudes lying beneath the linear Goodman curve
represent safe loading conditions, i.e. no failure is expected before N cycles. In contrast, the
mean stress and stress amplitude combinations above the Goodman curve define the loading

conditions that would lead the material to fail before completing N cycles.

In order to assess the validity of expressions (4.6)-(4.8), we performed additional fatigue
tests under fully-reversed loading conditions (R = —1). These tests intended to determine
the endurance limit 0,9 at 40°C, 60°C, and 80°C, rather than the full fatigue curves. The
tests were carried out in force control mode, starting from the unloaded state, and then
applying a constant-amplitude sinusoidal tension-compression force at 25Hz. In order to
avoid buckling upon the application of compressive stresses, the samples were clamped at
the end of the groove zone, using a three-jaw chuck on each side. Consequently, the 10mm
gauge length clip-on extensometer, previously used in R = 0.1 fatigue tests, was not
employed this time. The tests were performed in the same testing machine and heat chamber

illustrated previously in Figure 4-1a.
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40°C. X: failed O: runout(1le6 cycles)
g, [MPa] | 187 197 207 217 227
Sample1 |O O O O X (62350 cycles)
Sample 2 X (70720 cycles)
Sample 3 X (60207 cycles)

Table 4-7 Estimate of the endurance limit in fully-reversed conditions at 40°C. The failure of the tested
samples occurred in the mid cross-section.

60°C. X: failed O: runout (1le6 cycles)
g, [MPa] | 240 250 290 300 310 320 330 380 370 450 460
Sample 1 O 0 O O 0 O X*
Sample 2 O 0O O X*
Sample 3 O 0] 0] 0] X*

Table 4-8 Estimate of the endurance limit in fully-reversed conditions at 60°C. The failure of the tested
samples occurred inside the clamps. The sample 1 failed after 15718 cycles under a stress amplitude of 320MPa,
sample 2 did it after 34504 cycles under a stress amplitude of 380MPa, and sample 3 failed after 198310 cycles

under a stress amplitude of 460MPa.

80°C. X:failed O:runout (le6 cycles)
g, [MPa] | 243 253 263 273 293 303 313 323 333 343 353 363 373 383 393 403
Samplel | O ) 0] ) ) 0] ) ) ) ) ) ) ) ) o X*
Sample 2 X*

Table 4-9 Estimate of the endurance limit in fully-reversed conditions at 80°C. The failure of the tested
samples occurred inside the clamps. The samples 1 and 2 failed under a stress amplitude of 403MPa. The
sample 1 failed after 126204, while sample 2 did it after 234800 cycles.

The R=-1 cyclic tests were performed by blocks of one million constant-stress amplitude
cycles. The stress amplitude of the first block of cycles was set equal to the stress amplitude
corresponding to the mean endurance limit found in R = 0.1 fatigue tests. If no failure
occurred upon the first one million cycles, a second block of one million cycles was applied
to the sample with a stress amplitude increased by 10MPa. The process was repeated until
failure occurred. In order to corroborate a failure event, a new sample was tested at the same
stress amplitude that led the previous sample to failure.

At 40°C, three samples were tested. The first sample bore four blocks of one million cycles
under a stress amplitude going from 187MPa up to 217MPa. Upon testing at a stress
amplitude of 227TMPa, the sample failed after 62350 cycles. After that, two more tests were
carried out at a stress amplitude of 227MPa, both resulting in failure after 70720 and 60207
cycles respectively. At 60°C, the first sample failed upon the 320MPa stress amplitude cycles’
block. However, the rupture occurred on the part of the sample placed inside the clamps.
After that, two more samples were tested, both presenting failure inside the clamps. The
first did it at 380MPa stress amplitude and the second at 460MPa. Finally, at 80°C, failure
inside the clamps occurred upon the 403MPa stress amplitude cycles’ block for the first
sample. A second sample, tested under the same conditions, failed inside the clamps after
234800cycles. The list of the fatigue tests carried out at 40°C, 60°C, and 80°C is presented
in Table 4-7 to Table 4-9.
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From these experimental results, we estimate that the endurance limit under fully reversed
loading conditions at 40°C is 217MPa, which coincidentally is about the same stress as the
onset for the B2—R transformation detected previously upon monotonic tensile stress. At
60°C and 80°C, since the fatigue failure occurred inside the clamps, we can infer that the
endurance limit under fully reversed conditions is higher than 450MPa and 393MPa

respectively.

The values estimated for the endurance limits o,y were plotted together with the infinite-
life diagrams described by equations (4.6)-(4.8) in Figure 4-6. The infinite-life curves were
plotted using the amplitude and mean stresses corresponding to the endurance limits found
in R=0.1 tests, the B19’ onset stresses at 40, 60, and 80°C, and the ultimate or¢ obtained
upon tensile tests carried out until rupture at 40°C and 80°C, which we describe in the

following paragraph.

The tensile curves of two samples led to rupture at 40°C and 80°C are shown in Figure
4-5. The tests were carried out using the experimental setup presented in Figure 4-1a, in
extensometer control conditions at 2.4x10® mm s'. The ultimate stresses (ors) were
1490MPa and 1460MPa at 40°C and 80°C respectively. The sample tested at 80°C, failed
when the nominal stress reached 1350MPa. At 40°C, the test was stopped when the
extensometer elongation reached 1mm. The nominal stress at this stage was equal to
1355MPa. Comparing the trend of these two tensile curves, we deduce that the test stopped
at 40°C was near to the final rupture. The sample tested at 40°C was observed in an optical
microscope after the test in order to measure the change of its mid cross-section. As observed
in Figure 4-5, the sample shows necking caused by a large localized plastic deformation at
the mid cross-section of the sample. The resulting mid cross-section reduction, calculated
using the diameter measured by means of the optical microscope, was ~22%. As a result, the
fracture strength (oy) was corrected to 1600MPa (calculated as the force at the interruption
point divided by the necking-reduced cross-section). Since we did not have enough

experimental data to provide statistical support of the measured values, and because they
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Figure 4-5 Tensile tests carried out until rupture. The test at 40°C was stopped when the extensometer
elongation reached 1mm, then the sample was observed under an optical microscope to measure the diameter
of the reduced cross-section (picture on the right).
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Figure 4-6 Infinite-life diagrams. The boundaries between failure and runout are plotted using the constant-life
relations (4.6) to (4.8). a) B2—R loading regime (40°C). b) B2 elastic loading regime (60°C and 80°C).
were similar at 40°C and 80°C, we assume that o (1600MPa) and ors (1475MPa) are

temperature independent material parameters.

The infinite-life diagrams in Figure 4-6 are divided into two parts. In part (a), we show the
endurance limit evolution, predicted in terms of the mean stress and stress amplitudes in
the B2—R transformation regime (i.e. tests at 40°C) using the constant-life relations (4.6)-
(4.8). In part (b), we show equivalent predictions in the B2 elastic regime (i.e. 60°C and
80°C). As observed, the Goodman relation (4.6), predicts well the fully reversed endurance
limit g,y at 40°C, however, it largely underestimates the fully reversed endurance limit in
the B2 elastic regime (60 and 80°C). In contrast, the Soderberg relation (4.7), shows a less
conservative prediction of the fully reversed endurance limit in the B2 elastic regime, but it
overestimates the endurance limit in the B2—R transformation regime. The third constant-
life relation, which we called here the Soderberg modified relation (4.8), shows a good
agreement with the endurance limits obtained upon R=0.1 and R=-1 fatigue tests.
Nevertheless, like the Goodman relation, it underestimates the endurance limit in fully

reversed loading conditions of NiTi in the B2 elastic regime.
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Figure 4-7 Fatigue predictions. a) Goodman. b) Soderberg. ¢) Soderberg modified.

The fatigue strength coefficient Jf' and the Basquin’s exponent b, which constitute the

Basquin’s power law (4.5), were determined from the fatigue data points in Figure 4-3

117




Fatigue Performance of NiTi Wires using Hourglass-Shaped Samples

transformed into the fully reversed fatigue space through equations (4.6)-(4.8). One set of
Basquin’s parameters were determined for the group of fatigue data points obtained at 40°C
(B2—R transformation regime), and another using the group of fatigue data points obtained
at 60°C and 80°C (B2 elastic regime). of" and b, were determined by the best-fit straight
line passing through the fully reversed fatigue data in terms of the number of reversals (2Ny)
in a log-log scale. The resulting prediction curves are plotted together with the R=0.1 fatigue
data in Figure 4-7. The Basquin’s parameters, obtained after the straight line fitting, are
presented in the tables attached to each set of prediction curves and recapitulated in Figure
4-8.

The Goodman relation (Figure 4-7a) predicts that the fatigue behavior in the HCF regime
is not affected by the onset stress for the B19’ transformation ogyr. Instead, it establishes
that the fatigue behavior is affected by the appearance of R-phase, which results into
different values of fatigue strength o’ (Figure 4-8a). A slightly higher value for the Basquin’s
exponent b was calculated in the case of elastic loaded B2 phase, which indicates a lower
rate of lifetime degradation upon increasing the stress amplitude in comparison with the
B2—R loading regime (Figure 4-8b). The Soderberg relation (Figure 4-7b) shows a similar,
but not equal, fatigue predictions at 60 and 80°C, which results difficult to assess due to the
lack of fatigue data points at 60°C. As the values calculated for the Goodman relation, the
Basquin’s exponents calculated using the Soderberg relation are almost equivalent. This time
a slightly larger value was obtained in the B2—R regime in comparison with the B2 elastic
regime. The modified Soderberg relation, results in similar fatigue prediction curves as the
Soderberg relation. However, as mentioned previously, the parabolic formulation of the
modified Soderberg relation might predict better the fatigue behavior in the B2—R

transformation regime at mean stresses near to zero.
4.2.2. Hints for superelastic NiTi fatigue modeling

The HCF of the studied superelastic NiTi wires shows a strong dependence on the B2—R
phase transformation. On the one hand, the B2—R transformation has a detrimental impact
on the fatigue behavior, evidenced by a lower the endurance limit than elastically loaded B2
austenite upon R=-1 and R=0.1 fatigue loadings. On the other hand, the mean stress might
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Figure 4-8 Parameters of the Basquin’s law using three different constant-life formulations. a) Fatigue
strength coefficient. b) Basquin’s fatigue exponent. ¢) Fatigue endurance limit in fully reversed conditions.
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have a lower impact on the fatigue behavior of NiTi loaded in the B2—R regime, as
evidenced by the closeness of the endurance limits between R=-1 (220MPa) and R=0.1
(187.5MPa) fatigue loadings.

In contrast, the influence of the B2/R—B19’ phase transformation in the fatigue crack
initiation seems to be low when the maximum stress reached upon fatigue loading remains
well below than the onset stress oyr. This explains the very similar fatigue strength trends
obtained at 60°C and 80°C (see Figure 4-3b&c). When the maximum stress upon cyclic
loading gets equal to oyr, it is expected a finite number of cycles till rupture, as reported
multiple times in the literature (recall the state of the art chapter in section 2.5).
Consequently, the Goodman relation, which is based on the ultimate tensile strength org,
seems to be inappropriate for describing the HCF behavior of NiTi (see infinite life diagrams
for the Goodman relation in Figure 4-6). The Soderberg relation, which is a more
conservative option for most engineering alloys [121], arises as a more convenient constant-
life formula to account for the B19’ transformation onset stress oy on the fatigue behavior
of NiTi. However, Soderberg lifetime predictions might overestimate the lifetime of NiTi
showing R-phase. To face this difficulty, we evaluated a modified Soderberg relation, which
predicts well the mean stress effects on the lifetime of NiTi with R-phase, but results too

conservative for predicting lifetimes for elastically loaded B2 austenite.

Since the effects of the mean stress in the fatigue behavior of NiTi change with R-phase

transformation, a new Soderberg-like relation, written in the following form
o 14
Ja, = Ja,[) 1 _( = J (49)

where the exponent y is a temperature dependent function, might help describing the HCF
behavior of NiTi. As observed in Figure 4-8a, the modification of the constant-life
formulation implies changes of the fatigue strength of’ used in the Basquin’s fatigue power
law; therefore crf' may become temperature dependent as well. In what respect the Basquin’s
fatigue exponent, similar values were obtained regardless of the constant-life approximation
or stress ratio; therefore, a temperature-independent value may be enough to describe the

worsening of the fatigue performance with increasing mechanical loading.

The above-described particular fatigue behavior of NiTi, demonstrates the need for more
reliable constant-life formulas for the HCF of superelastic NiTi, which may facilitate the

prediction of fatigue lifetimes under different loading regimes.

4.3. Stress-Strain-N representation

Besides the stresses, large transformation strains that do not scale with stresses play an
important role in fatigue of SMA. In order to account for the strain experienced by the
material upon fatigue tests, we constructed a Stress-Strain-N graph showing how the number
of cycles to rupture evolved with both the maximum nominal stresses and the maximum

local strains in the mid cross-section evaluated from stabilized cycles (see Figure 4-9). As
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Figure 4-9 Strain-Stress-N representation of fatigue results.

explained previously in section 3.3.3.4, the maximum local strain was calculated as a sum of
the local elastic strain of austenite, calculated through the Hooke’s law, and the inelastic
strain deduced from the inelastic elongations of the clip-on extensometer. As discussed later,
the maximum elongation of the extensometer was stable over the complete fatigue test
duration with exception of few tens of cycles before rupture. As a result, we can indeed
consider this maximum as a representative value of the strain to which the samples were
subjected in fatigue tests.

Unlike Stress-N curves in Figure 4-3, Stress-Strain-N graph in Figure 4-9 shows the fatigue
curve in terms of strains while stresses are represented by markers’ colors. The Stress-N
curves clearly promote elastically deforming NiTi at 60°C and 80°C as best fatigue
performers within the entire range of applied loadings. However, in the strain representation,
NiTi cycled at 60°C and 80°C outperforms NiTi at 40°C within a limited range of applied
loadings where strains stay below 0.65%. Beyond 0.65% the elastically, both the elastically
loaded B2 NiTi and the NiTi in the B2—R phase transformation regime behave similarly.
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Light 3D Microscope

Figure 4-10 a) Typical fatigue fracture surface as viewed from light 3D microscope and SEM. 3D optical

microscopy allowed us to examine the topology of the fracture surfaces. b) Five zones with distinct
morphology as identified on the fracture surface. River marks shown in (a) point towards the fracture
initiation zone 1, followed by the zone 2 with quasi-cleavage morphology continued with fatigue striation zone
3, ductile fatigue crack zone 4, and ductile overload zone 5.

However elastically deformed NiTi develops much higher stresses compared to NiTi where

the R-phase transformation acts as a stress reliever.

Approaching and finally reaching the critical stress for B19’ phase transformation lead to
continuous but not accelerated fatigue performance worsening (see that the number of cycles
before failure does not exhibit a significant reduction in spite of local strain increase up to
4%). At maximum strain around 1%, B19’ transformed NiTi at 40°C shows a better fatigue
performance than elastically loaded NiTi at 80°C. However, once again, the stresses
developed in the elastic case are much higher than the ones in the B19’ transformed case.

Based on distinct conclusions drawn from both Stress-N and Strain-N representations, we
believe that the dramatic drop in the fatigue performance of NiTi is not associated with
large martensitic transformation strains typical of superelastic NiTi alloys (recoverable
strains up to 10%). The dramatic drop in fatigue performance (from millions to some
thousands of cycles) of superelastic NiTi appears in strains dominated by elastic deformation
or inelastic deformation through the R-phase transformation. Moreover, we believe that
Stress-Strain-N graph carrying information on both the strains and the stresses is the only
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relevant fatigue life representation for SMA. Unfortunately, it can be used only in
conjunction with specimens that do not display strain localization and continuous strain

dependence on loading is guaranteed within the gauge volume.

4.4. Fatigue crack characterization

4.4.1. Fracture surfaces

In this section, we analyze the morphology and size of fatigue cracks to have a better
understanding of the fatigue failure and fatigue crack propagation in superelastic NiTi wires.
The fatigue surfaces that we analyze next were taken from the broken samples during R=0.1
fatigue tests. We thoroughly examined the fatigue crack surfaces using a 3D optical
microscope KEYENCE VHX-1000 and a scanning electron microscope (SEM) TESCAN
FERA3. As a result, we drew a representative picture of the fatigue crack surface of
superelastic NiTi wires loaded in the HCF regime and barely above the martensitic
transformation regime (Figure 4-10).

We split the fatigue crack surface into five zones with distinct morphologies (unlike three
zones described in [122]). The river marks, well visible in SEM and 3D optical microscope,
point to the crack initiation zone (Figure 4-10 1.Sin). This zone merges into a second zone
with quasi-cleavage morphology (Figure 4-10 2.Scl). The quasi-cleavage zone disappears into
a third zone with fatigue striations (Figure 4-10 3.Sst) from which the fourth zone of mixed
mode between striations and ductile fatigue crack with dimples emerges (Figure 4-10 Sdf).
Finally, ductile overload surface is well noticeable beyond the fatigue beachmark in 3D light
microscope images (Figure 4-10 Sov). This characteristic picture of the fatigue crack surface
is preserved for nominal loadings below and above the stress-induced B19’ transformations,
however, the sizes of each zone change according to the applied loading. The difference in
morphology between detected zones results in a change of light reflection; thus, images taken
on the 3D optical microscope provide enough contrast to detect the boundaries between
fracture modes zones. Moreover, 3D optical microscopy allowed us to characterize the surface
profile across the fracture surfaces as shown in Figure 4-10a.

4.4.1.1. Crack initiation zone (Sin)

All the fatigue tests performed during this study showed fractures that started at the
samples’ surface in the mid cross-section. Some SEM images of the initiation zone for
different broken samples are shown in Figure 4-11. The temperature, maximum stress and
the number of cycles before failure are indicated to the top of each image. As observed, river
marks indicate several initiation crack spots along the surface of the Sin zone. Compared to
the overloaded zone, the surface in the Sin does not present sheared lip (Figure 4-11b).
Instead, high magnification images in Figure 4-11a reveal rubbing and pounding, which may
be related to continue opening and closing of the cracks upon repetitive pull-pull axial
loading. The fact that rubbing and pounding exist, even in the absence of compressive

repetitive stresses, is explained by the crack direction upon the first stage of the propagation,
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which for all observed samples was far from perpendicular to the sample axis (see surface
profile in Figure 4-10a).

As observed in Figure 4-11a, multiple cracks initiate on the surface of the sample. The
origin of the multiplicity of cracks in the surface of the sample might be the result of a
combination of surface imperfections due to grinding manufacturing, surface inclusions

(Figure 4-10c), radial stress-free condition and even corrosion [123].

40°C - 640MPa - 5663cycles 80°C -775MPa-6272cycles

40°C -570MPa-7087cycles

Initiated cracks Surface
roughness Initiated cracks

Inclusions

b) Sheared border

Figure 4-11 SEM images of the crack initiation zone are shown in (a). Compared to the overload part of the
samples (b) no shear lip was detected near the crack initiation zones. 3D optical microscope allowed us to
reconstruct a 3D image of the surface, where we clearly see inclusions and geometric imperfections created

after machining,.
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Figure 4-12 First crack propagation zone with quasi cleavage morphology. a)SEM images. b)Fracture surface

topology.
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4.4.1.2. First crack propagation zone (Scl)

After initiation, the surface cracks propagate in multiple directions. In this first
propagation stage, the cracks propagate at the microscale, therefore, grain boundaries,
precipitates and inclusions determine the most-attractive energy cracks paths. This results
in the ridge-like appearance of the Scl zone as observed in the 3D image in Figure 4-12b.
Detailed SEM images show a rough morphology in the Scl zone with microcracks, wrinkles
and some voids (Figure 4-12a).

Higher magnification SEM images reveal sharp edges in the fracture surface of samples
tested at lower stress. Particularly in the fracture surface of the sample tested under 410MPa
at 40°C (note that this is below the mean average endurance limit), a special quasi-cleavage
morphology is observed all across the Scl zone. This morphology shows similarities to
cleavage fracture reported in NiTi single crystals by Yang et al. [124]. In this article, the
authors attribute the cleavage planes to the highly symmetric B2 phase rather than to the
habit planes of the low symmetry B19’ martensite plates. At higher stress, the quasi-cleavage
patterns are less evident and the local surface becomes more “wavy”, which implies an

increased amount of local plastic flow during fracture.

These observations indicate that the first stage of the fatigue crack propagation in the
HCF regime occurs through a dominant brittle rupture in the B2 phase when the applied
stresses are low. With increasing the stress, local plastic deformation develops together with
the quasi-cleavage rupture mode. Whether the plastic deformation is developed through
locally transformed B19’ martensite or through B2 austenite is a matter of further research.

4.4.1.3. Fatigue striations zone (Sst)

As the first cracks advance, some of them merge, creating greater crack fronts. The trace
of the propagation of these fronts are the so-called fatigue striations. These are characteristic
features of ductile materials. They denote the size of the plastic region around the crack tip.
Moreover, it is a common practice to associate the distance between the striations to the
crack propagation rate at middle values of stress intensity factor AK (in the “Paris-law”
regime of the crack rate vs stress intensity factor diagram). The average distance between
striations in the acquired images is 10°-10"m, which correlates well with the crack
propagation rates measured for NiTi in the Paris-law regime reported in different studies
[125][126]. The distance between striations is greater at higher stresses, as it is observed in
Figure 4-13a.

Unlike the sharp edges and wrinkles observed in the Scl zone, which were oriented
randomly, the striations in the Sst zone tend to point radially out of the crack initiation
zone Sin. In the Sst zone, the crack is dominated by the direction of the applied stresses
rather than by the microstructure as it was in the Scl zone. For this reason, in most of the
examined samples, the fracture surface morphology becomes relatively flatter (Figure 4-12b),

more perpendicular to the sample’s axis, and more homogeneous.
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Figure 4-13 a)Morphology of the fatigue striations zone Sst. b)Case of accelerated crack propagation due to
merge of two well-developed fatigue crack fronts.
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Figure 4-14 Morphology of the transition and overload zones.

In some samples, we observed simultaneous crack fronts that initiated at different locations
in the sample’s surface. Upon the propagation, the crack fonts joined, creating a prominent

surface relief, which ended by accelerating the final failure of the sample (Figure 4-13b).

4.4.1.4. Transition zone and overload fracture zone (Sdf and Sov)

As the cracks advances, the stress towards the crack tip increases leading to large
deformations (ductile failure mode) and microvoid coalescence processes. The resulting
fracture mode surface shows an increase in the number of dimples, the size of which may be
related to the size of carbide inclusions (5-10pm) and precipitates (1-5pm). In the transition
zone Sdf, microvoid coalescence is observed together with striations. The dimples in the Sdf
zone have similar morphology to the dimples obtained after monotonic tensile rupture (see
Figure 4-14). In contrast, the dimples in the final overload zone Sov look more “sheared”,
which might be caused by the bending stress applied in the mid cross-section product of the
dissymmetric cross-section reduction during the crack advance.

4.4.2. Characterization of the crack’s size

The size of the final crack was measured using optical microscope images, based on the
image contrast between the dark fatigue crack (zones Sin+Scl+Sst+Sdf) and the bright
overload fracture surface (Sov). Additionally, the size of the Scl zone was measured based

on the surface profile near the crack initiation site.

127



Fatigue Performance of NiTi Wires using Hourglass-Shaped Samples

Gren= 650 MPa Opeak= 575 MPa S~ 410 P8

:56 M e Dog N= 121 480 cycles

1000
900+

= 800}

E 700! ]

PR | R R . ? 0, =000MPa

g 500} ]

&) 400:-__; __________ {0, =415MPa
3007 | #—> Runou 1
20pb=EEE=E e e Lo ki locioiiiie] 0, =220MPa

102 107 107 10° 100 107
N,
a)
Oyrio Oureo  Ourso
50 LA i ; |
- o o 1 1 1
& 40+ . L ’i 1 1
f—t Y ' Y 1 1
S 30 .. ® '
o= (] 1 1
= 1 o
< 20t [e40°C o e
< ° GOZC a |'. ' A
O 1ol e 30°C | o, h % |
[ 1 e
1 1 1
G " 1 1 " 1
200 400 600 800 1000
O-TIML(L' [MPa]
b)

Figure 4-15 Size dependence of fatigue crack surfaces on the peak of nominal stress for two testing
temperatures 40°C and 80°C. a) Fracture surface with denoted final overload surfaces for samples
subjected to three different peaks of nominal stress. b) Dependence of the relative size of overload surfaces
on the peak of nominal stress.

The size analysis of the fracture surfaces reveals that the total fatigue crack area scales
inversely with the maximum nominal stress (Figure 4-15b). When the fatigue loading is near
the endurance limit, the total crack area reaches almost 50% of the whole cross-section at
40°C, and 40% at 80°C. In contrast, for fatigue loadings near the martensitic transformation
regime, the total crack size drops down to ~10%. This evidences that the transformation of
the entire cross-section into B19’ results in a higher concentration of the stress at the crack
tip, which accelerates the crack propagation. In addition, when nominal fatigue loadings
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involve martensitic transformation, the crack initiation, quasi-cleavage, and fatigue striation
zones occupy in total less than 5% of the initial cross-section (blue curve in Figure 4-16).
Therefore, the quasi-cleavage zone of the crack may be often omitted in the analysis of
fatigue cracks of NiTi wires cycled in the martensitic transformation regime [127].

In addition, we evaluated the axial nominal stresses at the final overload taking into
account measured tensile force at the moment of rupture and the reduced cross-section
measured on the optical microscope. As seen in Figure 4-17, the axial nominal stresses at
rupture scatter around a constant average value for a given testing temperature and all
applied loadings. The average axial nominal stress for the testing temperature of 80°C (~1000
MPa) was substantially higher compared to 60°C (~820MPa) and 40°C (~750 MPa). For
most of the tests, the axial nominal stress acting at the final failure on the reduced cross-

section exceeded the B19’ transformation stress oy (see Figure 4-17). Since we determined
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Figure 4-16 Evolutions of crack surface areas with the number of cycles to rupture identified for fatigue testing
temperature of 40°C. The total crack area is plotted in green. A part of the crack area including crack
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Figure 4-17 Nominal axial stresses at the final overload evaluated for testing temperatures of 40°C, 60°C, and
80°C. The stress in the y-axis was calculated as the ratio between the force at the instant of rupture and the

overload surface identified by microscopy (Sov).
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before that the ultimate strength of the material was ~1600MPa regardless of the
temperature (Figure 4-5), the values shown in Figure 4-17 reveal an acceleration of the final

rupture when the entire cross section transforms into B19’ martensite.
4.4.3. Tensile response evolution

The fatigue tests revealed that the lifetime of the studied NiTi wires is highly reduced from
10° to 10* cycles even before the nominal fatigue loadings reach the martensitic
transformation regime and related high strains. However, analysis of fatigue crack surfaces
showed that the normal stress acting in the reduced fatigue overloaded cross-section is well
above the stress needed to induce the martensitic transformation. It suggests that the fatigue
cycling in elastic or R-phase transformation regimes switches into the martensitic
transformation regime once the crack reaches a critical size. Note that here we simplify and
disregard the complex stress concentration at the crack tip where localized martensitic
transformation may be triggered before the normal stress reaches the critical value.
Nevertheless, to verify this scenario we performed dedicated experiments focused on the
evolution of hysteresis, crack opening and temperature changes within the gauge volume.
Note in advance that the fast thermography during complete fatigue tests indeed revealed
that the fatigue damage triggers local transformation processes in 2/3" of the lifetime and
that the final failure is accompanied by inhomogeneous transformation processes. Moreover,

the transformation deformation proved to assist the crack growth as it enlarges the crack
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Figure 4-18 The evolution of fatigue loading in terms of peaks of force and extensometer displacement, and
force-displacement hysteresis in last 1,000 cycles before failure (a) with a zoom to last 50 cycles (b) where the

loading conditions evolve with the highest rate. The results correspond to fatigue cycling at 40°C with the
maximum nominal stress of 430 MPa.
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Figure 4-19 Evolution of tensile responses of hourglass shaped samples over 100 cycles before failure during
fatigue cycling in a force controlled regime with peaks of nominal stresses below the martensitic
transformation regime at 40°C a), 80°C b), and within the martensitic transformation regime at 40°C c).
Related evolutions of force-displacement hysteresis are shown in d). Note that the cyclic responses and
hysteresis do not change over cycling until few tens of cycles before fatigue failure.

The transition towards martensitic transformation regime is noticeable by tracking the
evolution of force-displacement hysteresis during the tensile test. As seen in Figure 4-18 and
Figure 4-19, the hysteresis starts to increase progressively a few tens of cycles before the
rupture, which is due to an increase of the deformation as the fatigue tests were force
controlled. In the very last stage of the fatigue tests, the deformation increased beyond the
limits of elastic and R-phase transformation in an unstable manner so that the tensile
machine was unable to control the force amplitude, which actually dropped while the
displacement amplitude kept increasing as shown in Figure 4-18b. The increase in hysteresis
is more pronounced for nominal fatigue loadings in R-phase or martensitic transformation
regimes compared to the elastic regime at 80°C as illustrated in Figure 4-19.

4.4.3.1. Monotonic rupture of an arrested fatigue test

The uncontrolled increase of the hysteresis indicates that an unstable crack growth occurs.
To verify this, we arrested a fatigue test at the onset of the hysteresis increase (Figure 4-20).
The arrested test was performed at 40°C, 25Hz, R=0.1 and maximum nominal stress of
580MPa being below the stress inducing the martensitic transformation. After the arrest,
the sample was tensile loaded until rupture at room temperature (32°C) while measuring the
crack opening and local strains near the crack using DIC (Figure 4-21). The fracture surface
was then compared to the fracture surface of a sample cycled under the same conditions

(Figure 4-20b). When comparing their respective fatigue surfaces, the fatigue crack
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penetration depth from the arrested test was only 81um shorter and the crack surface 7%
smaller, evidencing the advanced stage of fatigue crack propagation at which the test was
arrested. At this stage, the maximum normal stress in the reduced cross-section was high
enough to induce the martensitic transformation and related strains in the entire cross

section.

Measurements of local strains near the crack upon post-fatigue tensile loading (Figure
4-21) revealed the critical effect of the transformation strain to the crack opening. In fact,
the crack opening is enhanced by large strains ahead of the crack caused apparently by
stress-induced martensitic transformation. For simplified interpretation, let us assume that
the local tensile deformations increase more than to 1% when the B19’ transformation is
induced. Between stages A-D, local deformations larger than 1% appears gradually from the
stress concentration at the crack tip (purple extensometer Figure 4-21a&b) towards the rest
of the reduced cross-section (blue and green extensometers in Figure 4-21a&b). The red
extensometer shown in Figure 4-21a measured the crack opening during the tensile loading,
which is shown in Figure 4-21c together with the displacement ad tensile force values
measured during the test. From the material deformation values measured by the virtual
extensometers, we deduced the evolution of the B19’ martensite phase near the crack tip,
illustrated by the red zone in Figure 4-21a. At the stage marked as B, the transformation
reached already the blue extensometer, as presumed from the measured axial strain (3.5%).
Some instants before the entire cross-section transformation (at stage C), the deformation

at the crack tip is already 9% (purple extensometer). When the transformation proceeds,
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Figure 4-20 Observations of fatigue damage of an hourglass sample prior to fatigue failure at the onset of
hysteresis increase upon which the fatigue test was arrested a). The arrested fatigue test was performed at
40°C with R ration of 0.1, maximum nominal stress at 580 MPa being below the nominal stress for martensitic
transformation. b) A large crack was located on the sample and its opening was measured upon quasistatic
tensile overloading at room temperature (32°C).
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the crack experiences a sudden opening of 20um, inducing a material deformation of 25% in
the purple extensometer, 20% in the blue, and 6% in the green. The large deformations of
the purple and blue extensometers are by far beyond the reversible strains accommodated
at moderate plateau stresses by the B19’ martensitic transformation. Hence, very high
stresses must arise at the crack tip. Indeed, the rupture occurred immediately after stage D.

To sum up, the large macroscopic deformation associated to the stress-induced martensitic
transformation in the entire cross-section leads to large local strains near the crack tip, which
are far beyond the limits of transformed martensite, and presumably induce very high
stresses; thus, assisting the crack opening and promoting the crack growth.

4.4.3.2. Detection of crack initiation via fast thermography

In order to give a further insight of the course of the fatigue damage, we took advantage
of the latent heat exchange due to the R-phase and B19’ martensitic transformations for
identifying the onset of cracks during cyclic loading. For this purpose, we performed fast
thermography (800 frames per second) during complete fatigue tests at two different
temperatures. Note that because of limited computer memory capacity, we could not perform
the fatigue testing continuously but in several slots, each of them containing a limited
number of cycles. The fatigue tests were performed with nominal loadings below the
martensitic transformation regime expecting appearances of localized heat sources related to
phase transforming zones triggered by stress concentrations at crack tips [128]. The test at
40°C was performed with a maximum nominal stress of 565 MPa. In this test, the failure
occurred after 19518 cycles. The test at 80°C was performed with the maximal nominal stress
of 900 Mpa, and failure reported after 1802 cycles. First, we evaluated time evolutions of
temperature averaged over the gauge volume as shown in Figure 4-22a&b. The average

temperature evolves within a cycle and over cycling as shown in Figure 4-22c&d.

For understanding the one-cycle temperature evolutions, one has to consider simultaneous
actions of the thermoelastic effect and latent heat exchange due to both the R-phase and
martensitic transformations. While the thermoelasticity cools down the sample upon loading
and heats up the sample upon unloading, the transformation heats up the sample upon
loading due to latent heat release and cools down the sample by latent heat absorption upon
unloading. Furthermore, large transformation enthalpies that characterize NiTi make the
heat effects of transformations higher by orders of magnitude compared to thermoelasticity
[129].

With the previous paragraph in mind, one can see in Figure 4-22c&d that the extent of
R-phase transformation, i.e. heating/cooling upon loading/unloading, is higher at 40°C than
at 80°C. Moreover, as seen in Figure 4-22a&b, the temperature maxima starts rising in the
final stage of the fatigue life with a noticeably earlier onset of the increase for the test at
40°C. Recall that a similar effect was pointed out upon the onset of the hysteresis increase
(Figure 4-18). However, unlike the hysteresis rising few tens of cycles before rupture, the
temperature maxima start rising earlier — few hundreds of cycles before the failure.
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Figure 4-21 The crack opening and local strains near the crack as measured on the sample after a fatigue test
arrest prior to failure as described in Fig. 12. The measurement was performed during a force controlled
tensile test till failure. Spread of martensiticaly transforming zone illustrated in a) is based on three virtual
extensometers’ elongation measurements near the crack tip b) and on the crack opening measurement c) all
realized using DIC method.

Besides spatial temperature averaging, thermographs reveal local heat effects that, in the
case of phase transforming NiTi, may be related to localized damage acting as a stress riser;
thus, triggering transformations locally [128]. However, transformations triggered by nominal
loadings give rise to noticeable periodic temperature changes as seen in Figure 4-22cé&d,
which hide weaker local heat phenomena. Therefore, we created what we called “differential
thermographs”, which show the temperature changes upon fatigue loading with respect to
the temperature changes observed upon one reference cycle in the non-damaged state. To be
more specific, a cycle of differential thermographs was computed by subtracting the
thermographs of the first cycle from the thermographs of a later fatigue cycle recorded at
equal cyclic force phase. In addition, a moving average was applied over few tens of cycles
to filter out random noise. Differential thermographs allow revealing weak local heat effects
giving rise to temperature changes smaller than 0.1°C. Using this technique, we were able
to capture first periodic appearances of localized heat sources at approximately 2/3" of the
fatigue life, i.e. 6,000 cycles before rupture for the test at 40°C (Figure 4-23a) and 600 cycles
before rupture for the test at 80°C (Figure 4-23b). In the case of the test at 40°C, a second
localized heat spot appeared 3,000 cycles before rupture as seen in Figure 4-23a. With further
cycling, localized heat sources develop and grow until finally becoming well visible large

localized heat spots a few tens of cycles before rupture (Figure 4-23c&d). The temperature
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Figure 4-22 Evolutions of temperature averaged over the gauge volume as recorded by IR camera during two
fatigue tests performed for limited RAM in several interrupted slots; the first test lasting ~20e3 cycles was
performed at 40°C, R=0.1, 25 Hz, a maximal nominal stress 585 MPa,; the second test lasting ~2e3 cycles was
performed at 80°C, R=0.1, 25 Hz, peak of nominal stress 900 MPa. Graphs a) b) show temperature evolutions
during complete tests at 40°C and 80°C, respectively. Graphs ¢) d) show one cycle temperature and stress
evolutions in selected cycles of tests at 40°C and 80°C, respectively.

in the latter case showed temperature changes up to a few degrees Celsius. Note that in the
case of the test at 40°C, the secondly appeared heat effect grew faster than the one that
appeared first, causing the final failure. The heat effects were more pronounced for the test
at 40°C, likely due to higher number of cycles to rupture (20,000 vs. 1,800) and, hence, larger
crack size (Figure 4-23c); thus, allowing for larger crack openings. We attribute the
appearance of localized periodic heat effects with progressive intensity to the B19’
martensitic transformation triggered by the stress concentration at the tip of a well-
developed steadily growing crack, i.e. zone 3 of the fatigue crack marked with fatigue

striations (Figure 4-13).
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Figure 4-23 Differential thermographs that evaluate spatially temperature changes with respect to the virgin
state recorded in the first fatigue cycle. Thermographs show temperature changes within the gauge volumes of
hourglass samples at different cycles of two fatigue tests. The first test, lasting ~20e3 cycles, was performed at

40°C, R=0.1, 25 Hz and a maximal nominal stress of 585 MPa. The second test, lasting ~2e3 cycles, was
performed at 80°C, R=0.1, 25 Hz and a maximal nominal stress of 900 MPa. Thermographs in (a) show two
localized heat sources as first spotted 6,000 and 3,000 cycles before rupture during the test at 40°C.

Thermographs in (b) show localized heat source as first spotted 600 cycles before rupture during the test at

80°C. Thermographs in (c)& (d) show localized heat sources 20 cycles before rupture of both the tests.

4.5. Microstructure evolution evaluated via high resolution
x-ray diffraction

In order to better understand miscrostructure changes and the course of martensitic
transformation in superelastic NiTi subjected to cyclic loadings, two diffraction studies were
performed using high synchrotron X-ray at ESFR facility, Grenoble, which provided proposal
based beamtime. The first study of the experiment no. MA-2880 focused on the
microstructure assessment of hourglass superelastic NiTi samples subjected ex-situ and in-
situ cyclic loadings in the elastic and transformation regimes. The second study focused on
the role of stress risers on the course of the martensitic transformation and related
irreversible microstructure changes. However, the large dataset recorded during the second

experiment is still ongoing and, therefore, its results will not be presented.

The main aim of probing the hourglass samples by high energy synchrotron x-ray was to
evaluate the effect of fatigue cycling in elastic regime on microstructure changes that might
be a sign of early fatigue failure. However, the very first on-site comparison of diffraction

patterns of virgin and fatigued samples revealed very little changes.

In order to assess the microstructural changes due to fatigue cycling in the elastic regime
of superelastic NiTi, we compared axial diffraction scans at stress free conditions of a virgin
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Figure 4-24 Comparisons of diffraction patterns recorded on a virgin sample a) and sample that was subjected to
1000 cycles at 80 °C, R=0.1 and maximum stress of 880 MPa b). Colormaps in a), b) represents diffraction
patterns acquired during scanning along the axial direction. Diffraction patterns shown in c), d) were recorded
approximately in the center of the concave zone of the sample.

sample and a sample that was subjected to 1000 fatigue cycles at 80 °C, R = 0.1, and
maximum stress of 880 MPa. Note that the cycling was performed in the elastic regime;
however, the plateau stress was only few MPs above the maximum applied stress.
Surprisingly, as seen in Figure 4-24, either the changes in the microstructure due to this
fatigue cycling had negligible effect on the diffraction patterns or the effect was below the
angular resolution provided by the experimental setup.

4.6. Summary

In the present experimental work, we studied the fatigue performance of superelastic NiTi
wires processed into hourglass shaped samples in order to analyze the effect of deformation
processes and related strains involved in individual stress controlled pull-pull fatigue tests.
Elastic deformations and deformations due to stress-induced transformations to R-phase and
martensite were considered and carefully assigned to individual test amplitudes and
temperatures using thermography and DIC. The main experimental data obtained in the
present study is summarized in Stress-Strain-N fatigue curves for NiTi tested at 40°C, 60°C
and 80°C (Figure 4-9). At 40°C, the R-phase transformation is more pronounced than at
60°C and 80°C. The B19’ martensitic transformation was triggered at 600 MPa at 40°C,
while at 60°C and 80°C, the B19’ martensitic transformation was triggered at 775MPa and
900 MPa respectively. Furthermore, fracture surfaces were analyzed allowing us to identify
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five zones of distinct fracture morphologies related to the degree of the fatigue fracture
advancement (Figure 4-10). To give a further insight of the course of the fatigue damage,
we investigated force-load hysteresis (Figure 4-19) and temperature evolutions over cycling
(Figure 4-22) and crack opening of a fatigue cracked sample (Figure 4-21). To track down
the fatigue damage we used fast thermography during complete fatigue tests to spot localized
heat effects expected to arise from phase transformation events localized at the advancing
crack tip (Figure 4-23).

To sum up, our experiments showed that the fatigue performance of superelastic NiTi
wires at 40°C, 60°C and 80°C drops down from millions to thousands of cycles at stress of
417 MPa 535MPa and 540 MPa respectively, being well below the stresses inducing the B19’
martensitic transformation that were 600 MPa, 775MPa and 900 MPa respectively.
Moreover, the strain endurance limits were reached at low strains of 0.58 % (40°C) and 0.65
% (80°C). It suggests that high strains related to martensitic transformation are not
necessarily responsible for fast crack nucleation and early crack growth reported in
superelastic NiTi. On the one hand, the R-phase transformation proved to prolong the low
cycle fatigue as it acts as a stress reliever reducing largely the stresses at higher strains above
0.9%. On the other hand, the martensitic transformation proved to assist the crack growth
when its critical size is reached. In fact, when the critical crack size is reached, the strains
due to martensitic transformation provide additional driving force for the crack opening.
Unfortunately, the critical crack size is reached sooner when nominal loadings are closer to
the plateau stress i.e. the critical stress for the onset of martensitic transformation.
Nevertheless, our results preserve the hope for high cycle superelasticity that might be
possible if the plateau stresses for martensitic transformation are lowered down below the

structural fatigue limits inducing early crack nucleation and growth.

Conclusions drawn from different aspects of our experimental work are further detailed

and summarized hereinafter.

The following conclusions were drawn from the Stress-Strain-N fatigue curves (Figure 4-9)
measured on commercial cold drawn superelastic NiTi of diameter 1.78 mm. The fatigue
testing was performed in pull-pull force controlled regime with nominal stress ratio 0.1,

frequency 25 Hz, and runout limit set to 1.5e6 cycles.

1. The endurance limits in terms of the maximum nominal stress were reached at 417MPa,
535MPa and 540 MPa for NiTi exhibiting R-phase transformation at 40°C, and NiTi
with retarded R-phase transformation at 60°C and 80°C respectively.

2. The endurance limits in terms of the maximum nominal stress were reached at 183MPa
240MPa and 360MPa below the critical stress for the onset of B19” martensitic
transformation at 40°C, 60°C and 80°C.

3. The mean stress proved to have a higher detrimental impact on the fatigue behavior of
elastically loaded NiTi. In contrast, when NiTi develops R-phase, the mean stresses are
relieved through the transformation strains, thus lowering their impact on the lifetime

of the material.
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The equivalent endurance limits in terms of the maximum stabilized strain were reached
at 0.65 % and 0.70 % for NiTi exhibiting R-phase transformation and NiTi with retarded
R-phase transformation, respectively.

The fatigue life drops down to 10* cycles before the maximum nominal stress reaches the
critical value for the onset of martensitic transformation.

The fatigue life drops down to 10* cycles before the peak of stabilized strains reaches
1%.

The fatigue life drops from 10? to 10° cycles when the maximum nominal stress enters
the regime of martensitic transformation.

NiTi with retarded R-phase performs better than NiTi with pronounced R-phase for
maximum strains lower than 0.65%. Beyond 0.65% the R-phase transformation acts as
a stress reliever, hence, improving the fatigue behavior, which equals that of the
elastically loaded NiTi.

Thorough analysis of fracture surfaces using 3D light microscope and SEM resulted in the

following conclusions:

1.

In terms of the percentage of the initial cross-section, the fatigue fracture size drops from
50% in the case of runout tests (1.5e6 cycles) down to 10% in the case of tests lasting
few thousands of cycles.

The fracture surface contains in general five distinct zones (Fig. 6) successively forming
during fatigue crack growth as follows — 1. Fracture initiation at the surface; 2. Quasi-
cleavage zone; 3. Fatigue striation zone; 4. Ductile fatigue crack zone; 5. Ductile final
overload zone.

Multiple cracks initiate at the surface of the wire. The brittle fracture features in the
quasi-cleavage zone near the crack initiation points denote failure of NiTi in the B2
austenite state. Upon propagation, plasticity evolves together with quasi-cleavage.
Multiple initiated cracks forms a greater crack front that propagate at higher rates
inducing local B19’ phase transformations at the crack tip.

Independently of the applied fatigue loading, the normal stress acting on the overload
surface is higher than the stress needed for martensitic transformation to proceed (Fig.
9).

Dedicated supporting experiments based on the measurement of force-displacement

hysteresis and fast thermography (Figure 4-18 - Figure 4-23) enabled the following

conclusions:

1. The last stage of the fatigue life lasting few tens of cycles is characterized by an unstable

ductile fatigue fracture growth assisted by martensitic transformation proceeding
massively and inhomogenously within the gauge volume.

In the last stage of the fatigue life, the martensitic transformation proceeding in the
reduced cross-section dramatically decreases the resistance against the crack opening
thus promoting high strains at the crack tip by far exceeding the reversible superelastic

strains.
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3. Periodic localized phase transformation events probably arising from stress concentrating
crack tips were spotted in 2/3rd of the fatigue life.

4. The periodic localized transformation events are believed to be linked to the steady crack
growth marked with fatigue striations formation. At this stage, the crack growth is thus
assisted by the martensitic transformation enhancing the crack opening that leads to

large strains beyond superelastic limits.

The present experimental study used some particular techniques enabling better analysis

of fatigue processes in phase transforming NiTi such as:

1. The hourglass type shape of samples enables to effectively confine all transformation and
fatigue processes into a well-defined gauge volume.

2. The hourglass type shape of specimens enables to avoid transformation deformation
localization, and, hence, to study a true strain dependence of fatigue life in phase
transforming NiTi.

3. The thermography is a unique tool that enables to precisely associate transformation
processes to individual applied fatigue loadings.

4. The last stage of the fatigue life can be effectively captured by measuring the evolution
of the force-displacement hysteresis that increases noticeably few tens of cycles before
rupture.

5. The fast thermography using sensitive photon detectors enables to spot, well before
rupture, the stress concentrating fatigue damage giving rise to localized heat effects
through phase transformation latent heat exchange.
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Chapter 5.Fatigue Assessment

of NiTi Wires through the
Self-Heating Method

The self-heating method has been developed as an alternative to the classic stress-life
approach (based on obtaining S-N curves), with the purpose of evaluating the HCF
properties of engineering materials in a much faster way. The main idea of the method
consists in characterizing the dissipated heat of samples tested under constant amplitude
loading conditions. Hence, the method presumes that the origin of fatigue damage is the
same as the one that generates the heat dissipation. The success of the method in predicting
the lifetimes of several engineering materials has popularized it among engineers. In principle,
the self-heating method permits to assess the fatigue behavior with only one sample and a
couple of hours of testing, instead of weeks or even months of tests using a considerable

amount of samples in order to complete an S-N curve.

In this chapter, we start by introducing the fundaments of the self-heating method and its
relationship with fatigue processes, especially in structural alloys. After that, we present the
experimental protocol designed for applying the self-heating method to our NiTi hourglass-
shaped samples. Then, we present the experimental results obtained upon tests at different
temperatures and loading frequencies. The analysis of the observed phenomena is then
carried out using modeling techniques, Fourier spectrum analysis, and supplementary

monotonic tensile tests.
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5.1. Description of the self-heating method
5.1.1. Background

The first measurements of the temperature elevation of a piece of material subjected to
cyclic loading and its relation to fatigue phenomena date back to experiments carried out
by Stromeyer in 1914 [131]. Stromeyer developed a dedicated system for performing reversed
torsion cyclic tests with in situ calorimetry measurements. He was able to correlate the
fatigue endurance limit of three mild steels, two cast steels and one aluminum alloy to the
heat evolved during tests performed at different alternating stress amplitudes. Although he
left the door open to further analysis of the relationship between heat sources and fatigue
processes, very few studies tackled this issue before the 1980’s [132], [133].

The technological advances in the field of temperature measurement and signal acquisition

from the 1980’s, notably the development integrated circuits allowing analog to digital
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Figure 5-1 Basic experimental protocol for assessing the fatigue properties of materials using the self-heating
method. The experimental setup image is shown in (a). The applied loading is presented in (b), and the
equivalent temperature elevation in one block of constant amplitude cycles is illustrated in (c¢). The images

were taken from [130].
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conversion of thermocouple signals and more exciting focal plane array infrared detectors,
facilitated the assessment of the temperature evolution during the application of mechanical
loading [134]-[136]. As a result, the identification of stress amplitudes causing temperature
elevation of samples subjected to repetitive alternating loading became a common matter of
discussion among researchers dealing with the fatigue of materials.

Since the 1980’s, different methodologies for fast characterizing the fatigue properties of
materials have been developed based on the coupling between cyclic loadings, temperature
elevations and fatigue damage. The measurement principles of all of these techniques knock
into shape the so-called “self-heating method”. In some works, such as in [134], the evaluation
of fatigue properties through thermal measurements is also called “thermographic fatigue

method”, which emphasize the use of full-field infrared thermography.

Next, we describe the basic experimental setup for carrying out self-heating measurements,
thus, allowing in the first instance to determine the endurance limit of a material using only
one sample and a couple of hours of testing. After that, we will present some case studies in
which the self-heating method has been proved as an efficient fast fatigue characterization

technique.

5.1.1.1. Basic experimental setup

The basic experimental setup for measuring the self-heating of a material sample in
laboratory conditions is described in Figure 5-1 after Munier et al[130]. In this example, a
constant cross-section dual phase steel flat sample was subjected to blocks of 6000 cycles of
constant stress amplitude (denoted as Y, in Figure 5-1) at a stress ratio R = —1 (tension-
compression repetitive stresses). The temperature of the sample upon cyclic loading was
measured by means of a thermocouple type K attached to its surface. In order to determine

the mean elevation temperature, two additional thermocouples were attached to the grips of
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Figure 5-2 Deterministic approach for determining the endurance limit. Image replotted from [130].
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the testing machine (see Figure 5-1a); thus, the mean elevation temperature was calculated
as

_ T, * T,
6 - Z;(mele - 2

(5.1)
where Tiumpe is the temperature in the middle of the sample, and T, and Ty are the
temperatures of the upper and lower grips respectively. The mean temperature elevation 6
resulted after one block of constant-amplitude cycles is illustrated in Figure 5-1c. Successive
blocks of cycles following an increase of the stress amplitude are applied to the same sample
in a range of stresses beneath the yield limit of the material (see Figure 5-1b). The steady-
state temperature elevation, here denoted as 0, associated to each block of cycles is then
plotted against the applied stress amplitude to construct the so-called “self-heating curve”
(see Figure 5-2). The inflection point of the self-heating curve, at which the steady-state
temperature elevation rise significantly, is correlated then with the endurance limit of the
material (referred as Y4F in Figure 5-2a). This approach is denoted as deterministic since
the shape of the curve is solely dependent on the applied loading, the thermal boundary
conditions, and the material properties.

Another interesting possibility to capture the cyclic thermal behavior of a sample subjected

to repetitive alternating loading consists in the use of the so-called “Lock-in technique”
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applied together with infrared thermography. Krapez et al. [135] were one of the firsts to
employ this technique to track the temperature elevation of samples subjected to alternating
cyclic tensile-compressive stresses. By means of a focal plane array infrared detector, they
evaluated the mean temperature elevation together with the first and second order harmonic
amplitudes of the temperature signal, obtained after demodulation through Fourier spectral
analysis. Hence, they wrote the temperature evolution of a sample (7) subjected to cyclic
loading as:

T =T +ATft+ T sin(ak + @) + T, sin(2at + @,), (5.2)

where t denotes the time, T, is the temperature before the loading start, AT is the mean
temperature elevation, f = w/2m is the frequency of the cyclic loading and T, ¢4, T2 and ¢,
are the amplitude and phase components of the first and second Fourier components
respectively. Figure 4-2 shows experimental results on a 7010 aluminum alloy sample. Figure
4-2a shows the evolution of AT in terms of the maximum applied stresses per block of cycles,
Figure 4-2b shows the equivalent for T, and Figure 4-2d the equivalent for T,. In addition,
Figure 4-2c illustrates the evolution of the difference between T; and the linear fit of its
linear part (shown in Figure 4-2b). In this example, the noise of the mean temperature
evolution AT (Figure 4-2a) hindered the deterministic identification of the endurance limit
as presented above. However, the trend of the residuals in (Figure 4-2c) and in a lower
degree the trend of the second Fourier amplitude component (Figure 4-2d), allowed the fast
identification of the endurance limit of the material, estimated at 210+20MPa.

5.1.1.2. Study Cases

The self-heating method has been applied with success for determining the fatigue
endurance limit of different alloys such as steels [135][130], aluminum alloys [135][137][138]
and chrome-cobalt alloys [139]. It has been also effective for providing a fast characterization
technique of the endurance limit of composite materials [140] and elastomers [141]. Figure
5-4 illustrates some representative examples reported in the literature. In all these cases, the
method was applied to pieces of material processed into standard testing sample geometries.
However, recent experimental results reported in the literature show that the self-heating
method is also applicable to structural components such as connecting rods and welded
assemblies [141], [142].

Apart from the fast prediction of the endurance limit, significant efforts have been made
lately to provide a full characterization of the S-N-P curves (with P denoting the probability
of rupture) based on the self-heating behavior of the material. Energy based fatigue models,
combined with the characterization of the energy dissipation of the material from self-heating
curves, provide a solid framework to explain the relationship between fatigue and thermal
processes. The fundaments of these models are based on the assumption that potential
fatigue damage is localized in small and randomly distributed sites all over the material,

which, upon the application of cyclic loading, dissipate energy/heat (see Figure 5-5a). For
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Figure 5-4 Validation of the self-heating fatigue prediction method for different materials. a)Dual phase steel
[130]. b)Aluminum bronze [138]. ¢)Short fiber reinforced plastic[140] .

modeling this phenomenon, multiscale approaches have been used. In [143], the problem is

tackled by an Eshelby-type solution, in which the representative elementary volume of the

material (REV) was described as an elastoplastic inclusion embedded in an infinite elastic
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Figure 5-5 Material heterogeneities at the grain scale. a)Cast defects and phase segregation in a copper
aluminum alloy [138]. b) Schematic of the representative elementary volume (REV) used for multiscale
modeling of the self-heating curves.

matrix (see Figure 5-5b). In this model, the macroscopic stress that leads the inclusion to
plastic yielding, and hence causing energy dissipation, is correlated to the endurance limit
of the material. Modifications of this approach made in [144], propose that the plastic
activation of an inclusion follows a Poisson distribution; thus, it included the probabilistic
nature of fatigue phenomena. In order to improve the mathematical description of self-
heating exhibiting temperature elevations even at low-stress amplitudes (e.g self-heating
curve in Figure 5-4a), alternatives solutions such as the modeling of inclusions with dual-
dissipative phenomena [145] and the modeling of elastoplastic inclusions embedded in an
elastoplastic matrix [130] have been formulated. For instance, the probabilistic curves

plotted with fatigue data in Figure 5-4a&b, have been modeled following the latest approach.

5.1.1.3. Concurrent sources of heat dissipation and fatigue damage

According to the material, different mechanisms of heat dissipation and fatigue damage
are evidenced. For instance, in structural alloys, one of the most encountered fatigue
mechanisms are the persistent slip bands (PSB). They are sites of highly localized plastic
deformation that forms extrusion-intrusion patterns in the surface of a piece of alloy
subjected to cyclic loading (Figure 5-6a). Such surface heterogeneities serve as initiation sites
for microcracks, which, even at low rates of propagation engender localized plastic
deformation and crystal debonding, both resulting in heat release. Other material
heterogeneities such as precipitates, inclusion, grains segregation, etc., have an impact on

both the thermal response of the material and its fatigue behavior.

However, one must bear in mind that there exist heat phenomena that are “inoffensive”
from a fatigue point of view. Such is the case of small elastic movements of pinned
dislocations a low stress levels, which even being mechanically reversible engage heat
dissipation [145](Figure 5-6b). Other mechanisms such as the thermoelasticity are fully
reversible from a mechanical and a thermal point of view; thus, they do not contribute to
the self-heating of the material. In SMA, the interaction between phase transformations and
typical fatigue and self-heating mechanisms of structural alloys represents new interesting
challenges for assessing the self-heating fatigue characterization technique.
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Mechanical reversibility
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Figure 5-6 Examples of common mechanisms of heat dissipation and fatigue damage in structural alloys.
b)Persistent slip bands (PBS). b)Dislocation movements: mechanically reversible under low shear stress but
yielding plastic deformation when Frank-Read mechanisms are generated.

The localized phenomena that occur in the HCF of structural alloys are imperceptible
from macroscopic mechanical measurements, where the response of the material is
apparently linear. Therefore, the fatigue approaches based on mechanical energy dissipation
cannot be applied using exclusively mechanical data. Alternatively, the self-heating
technique brings the possibility to extract the energy dissipated in the form of heat and
relate it to the intrinsic dissipation of the material. For this, it is necessary to couple a heat
diffusion formulation with constitutive material models.

5.1.2. Thermodynamic framework

The characterization of the energy dissipated upon cyclic mechanical loading is based on
the solution of the heat equation, which is derived from the principle of energy conservation.
The local form of the heat equation can be written as:

o’y o’y

V. o+ T tE=s. 5.3
ovor '+ P oeor T (5:3)

pC T +div(q) = D+r. + pT

The left-hand side of the equation (5.3) defines the absorption heat capacity (pC,T) and the
heat losses by conduction (div(q)). It is defined in terms of the mass-specific Helmholtz free
energy ¥ = u — sT, with u referring to the internal energy and s7 the entropy-temperature
energy; the constant pressure heat capacity C, = —T 0%W /0T?; the mass density p, and the
heat flux vector ¢ . On the other hand, the right hand side of the equation (5.3) describes
the local heat sources s; generated upon chemical and mechanical processes for example. In
solid mechanics, the heat source term is usually divided into three parts:

- the intrinsic dissipation A= o: &P — Ay:V}, where o is the stress tensor, €P is the
tensor of strains other than elastic (e? = & — &%), and Ay denotes the group of
thermodynamic forces associated to the group of the internal variables V, of the
considered system,;

- the external heat supply r;

. . ap? oy?
- the thermodynamic coupling source pT €+ pT ———
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Figure 5-7 Simplification of the thermal diffusion problem.

Since the temperature variations upon self-heating tests are considered small, it is assumed
that [146]:

- () is independent of the internal state of the material,
- the external heat supply r. is time-independent,

ar oT

- the convective terms of the material time derivative are negligible (i.e. e E)'

In spite of the abovementioned hypothesis, solving the equation (5.3) requires the
knowledge of the temperature evolution in each material point, which results impossible. In
laboratory conditions, the testing samples have usually a simplified geometry; thus, allowing
a reduction of the solution of the heat equation to either two-dimensional, one-dimensional
or even zero-dimensional heat diffusion problems. Next, we consider the zero-dimensional
and one-dimensional heat equation solutions for a cylindrical bar of height L and radius 1
(Figure 5-7).

5.1.2.1. Zero-dimensional diffusion problem

In a zero-dimensional diffusion problem, the heat source s, is considered as homogeneous

throughout the volume V = nr2L, and only heat loses with the surroundings are considered.

For the cylindrical bar problem (Figure 5-7a), the heat equation follows:

1 . 1 . 1
leCﬁT(r, @z, t)dV + Vjv.dw(q(r, @2z,t)dV = VJV.pC?’S‘(r’ @z, t)dV . (5.4)

Note that the equation (5.4) was written in cylindrical coordinates (see ).

By applying the divergence theorem, we can rewrite the term of the heat conduction loses

as follows:
—Idw (r,@zt)d —ljtjﬁ (5.5)
V A%

where dV denotes the boundary enclosing V oriented by outward-pointing unit normals 7.
For the cylindrical bar problem, the equation (5.5) reduces to

150



Structural Fatigue of Superelastic NiTi Wires

3
I

G =h6", f
{‘f " o (5.6)
g

i =+h 8, for 7 =

|+ =3

z
where 8P = % fV(T(T, @,z,t) —T,q)dV, is the elevation of the mean temperature in V, with

respect to the equilibrium temperature 7T.,. The heat exchange coefficient of the upper and
lower faces of the cylindrical bar with its surroundings (e.g. testing machine clamps) is
denoted here as h., and the heat exchange coefficient of the surroundings through the lateral
area of the cylinder is referred as h.. With these boundary conditions, the heat loses through

conduction becomes

1 o _1 27 0D 0D
vldw(q)dv = V[zm 16" +2mrLh 6" |

_ 2h, 2h ey
L r
Finally, by replacing (5.7) into the 0D heat equation (5.4) we obtain the following expression

QOD(t)
T

eq

(5.7)

& (t) + =5"2(t), (5.8)

t

1 (2hc | 2he\]71
pT(—C —e)] is the characteristic time of the 0D solution and sP =
P

where Tpq = [ . "
% fV s¢(r,8,z,t)dV is the mean value of the heat sources throughout the volume V.

5.1.2.2. One-dimensional diffusion problem

In a one-dimensional diffusion problem, the volume of the cylindrical bar is divided into

successive slices of volume V = mr?dz. In this case the heat equation reads,

IpCTr(a,zt)dV+ de (r,@zt))dV z,t)dV

m'2dz 7ridz

(5.9)
This time, the boundary conditions of V are defined by the heat conduction with adjacent

material in the Z direction, and the heat loses through the lateral area of the cylinder (in the

7 direction). The heat conduction through the material is defined by the Fourier’s law
G(r,@2,t) = =Agrad(T)(r, @ z,t) (5.10)

where A denotes the isotropic thermal conductivity. As a result, the conduction heat loses

term in the considered one-dimensional diffusion problem is written as follows:

1
div(q)dV = q.ndsS
mridz ;[ (@ iz 5[, 1
0°T 2h 6"

:_Ag(r,qﬂ,z,t)*' (511)

T
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Figure 5-8 Experimental setup used for infrared thermographs acquisition upon self heating measurements.
a)Tests performed inside the heat chamber (40° and 80°)). b)Tests performed at ambient temperature
(~25°C). ¢)Schematic representation of the position of the sample within the testing machine clamps.

Here, 6P denotes the elevation of the mean temperature of the cross section S along the

axis z of the cylindrical bar, i.e.:

0" =6 (zt) =

n |~

[(T(r,@2,t) =T s .

The characteristic time of the 1D diffusional problem is defined as

"
T =| pC—
w | P 2h, ’

and the mean heat source in the cross-section as

sP(z,t) = % J. 5,(r, @ z,t)dS

t
aS

which allows us to rewrite the 1D heat equation as follows:

6’ (2,t) =

€q

pC, 02 r

2lD LD
4007 Ot) _ gy

(5.12)

(5.13)

(5.14)

(5.15)
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5.2. Experimental protocol

5.2.1. Experimental setup

Self-heating measurements were performed on the samples used for the fatigue study
presented in the previous chapter: near equiatomic hourglass-shaped NiTi samples, annealed
at 500°C for 30 minutes in an air furnace. The tests were performed at 25°C (ambient
temperature), 40°C, and 80°C. The tests performed at 40°C and 80°C were carried out on

an electromechanical

tensile testing machine BOSE ElectroForce 3330 equipped with a 3kN capacity load cell,
and a dedicated heat chamber (see Figure 3-20a). On the other hand, the tests at 25°C were
carried out on an electromechanical testing machine INSTRON Electropuls 1000, equipped
with a load cell of 1kN (see Figure 3-20a). For all tests, the samples were clamped to the
machine using V-grooved wedge clamps, leaving a gauge length of 25mm. The tests were
performed in force control mode, applying sinusoidal pull-pull tensile force a nominal stress

ratio of R = :m—m = 0.1 (same loading conditions as in fatigue tests).
max

The temperature elevations of the tested samples were recorded by means of a mid-
wavelength range infrared (MWIR) detector FLIR SC7650 in the case of tests performed at
40°C and 80°C, and by an MWIR detector INFRATEC IR8300 in the case of tests performed
at ambient temperature. Both MWIR, detectors were used together with 300mm focus length
optical lenses allowing to record thermographs with a spatial resolution of 15um. The
infrared detectors had similar technical characteristics: 640x512 Focal Plane Arrays (FPA)
detectors, temperature resolutions as low as 0.02K, and high acquisition frequencies. The
main technical characteristics of both MWIR detectors are summarized in Table 5-1.

The samples were prepared using a matt black paint in order to avoid infrared reflection
from the environment. Additionally, the surroundings of the sample were protected using
carton covers. In the case of tests performed inside the heat chamber, the carton cover was
fixed to the lower clamp, therefore providing protection against air flux coming from the fan
of the heat chamber (see Figure 3-20a). Moreover, an electro-polished calcium fluoride CaF,
glass, almost transparent to infrared radiation, was adapted to the door of the heat chamber,
thus allowing infrared measurements. The transmission coefficient of the glass was calculated

equal to 0.947 from infrared measurements on a calibrated black body. On the other hand,

Technical characteristics FLIR SC7650 INFRATEC 8300
Spectral range 1.5 - 5.1um 2.0 — 5.5um

FPA size 640x512 640x512

Cooling System Stirling-cycle Stirling-cyle
Dynamic range 14bit 14bit

Pitch 15um 15um

Detector InSb InSb

Temperature resolution 0.02K 0.02K

Full frame rate 100Hz 350Hz

Table 5-1 Main technical characteristics of MWIR, detectors used for self-heating measurements.
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for ambient temperature measurements the carton cover was placed around the sample and
the camera lens (see Figure 3-20b). For ambient and temperature controlled tests, the
temperature of the surroundings of the sample (7.) was tracked on a piece of steel painted
with black matt paint placed behind the sample (see Figure 3-20a).

Before each test, the testing sample was heated up with a hot air blower up to ~120°C in
order to even its initial microstructure state. Besides, for tests performed inside the heat
chamber, a preheating stage of about three hours preceded the test start in order to

homogenize the temperature of the clamps.

Each self-heating test consisted of successive blocks of constant stress amplitudes cycles.
In the case of tests performed at ambient temperature, the number of cycles per block was
defined equal to 1000. In the case of tests performed at 40°C and 80°C, the number of cycles
per block was 500. More cycles per block were applied in the case of ambient temperature
measurements since the samples usually took longer times to stabilize their temperature. As
illustrated in Figure 5-9, each block of cycles was started at the mean stress level. We
programmed the testing machines to stop the cyclic loading at the mean stress level after
each block of cycles; however, this was only achieved in the testing machine used for ambient
temperature measurements. The samples were kept at constant stress after each block of
cycles in order to record the stage of return to thermal equilibrium. Since the self-heating
technique intends to characterize the mechanisms taking place in the HCF regime, we focus
on stress levels lower than oyr. A schematic representation of the load sequence applied to

one sample during a self-heating tests is presented in Figure 5-9.

We took advantage of the high acquisition frequencies allowed by the IR detectors in order
to record thermographs at 500Hz in the case of ambient and 40°C measurements and at
800Hz in the case of tests performed at 80°C. Note that the maximum acquisition frequency
is dependent on the integration time of the IR detector. Since shorter integration times are
allowed at high temperatures, higher acquisition frequencies are possible. The use of high
thermal frames acquisition frequency results attractive for a full description of the heating

processes taking place all along one stress cycle, however, it requires large storage units.
o

nom Stage of return to

thermal equilibrium
I

i

2)

Figure 5-9 Schematic representation of the load sequence applied to one sample during a self-heating test. a)

Successive blocks of constant stress amplitude cycles. b) Ilustration of the cyclic loading applied in one block
of cycles.
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5.2.2. Post-processing of temperature data

The temperature evolution of the sample upon cyclic tensile tests was extracted from 2D
thermographs of the sample surface. We assumed that the decrease of the infrared emissivity
due to the curvature of the surface of the samples was negligible. This is valid as long as the

measurement zones are kept within an angle of vision lower than 45° (see Figure 5-10).

In the first instance, the self-heating measurements in this study were carried out using a
zero-dimensional approach. The temperature of interest (7)) was defined in the mid cross-
section of the samples by a spatial average of the digitalized temperature values in a window
of 16x39 pixels (240x585um?) (see Figure 5-11a). In order to get the temperature elevation
at the mid cross-section (6), the temperature of the surroundings (T), spatially averaged in

the steel plate behind the sample, was extracted from the temperature of interest, i.e.:

6,1)= - LT pt) = - ST (os), (5.16)

with N denoting the group of pixels inside the 16x39 window at the mid cross-section, and
Ns denoting the group of pixels inside the measurement area of the temperature surroundings
(defined in the steel plate). After that, the temperature elevation in the measurement
window 6,, was zero- corrected with respect to the temperature elevation at the beginning
of the cyclic loading (see Figure 5-11b&c). For this purpose, we recorded images of the
sample surface in a constant stress state during 5 seconds before starting the cyclic loading.

Hence, the temperature elevation was finally defined as follows:
1
o) = 6,(t)=— 28,1 (5.17)
s B

where Fis the number of thermographs recorded during the 5bs constant-stress period before

the cyclic loading.
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Figure 5-10 Infrared emissivity (here denoted as €) evolution in terms of the angle of vision of the IR camera
with respect to the normal of the sample surface (¢). Schematic image taken from [147].
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5.2.2.1. Identification of the stabilized temperature elevation

The temperature elevation signal of each loading stage was analyzed in the frequency
domain. The frequency spectrum of the temperature elevation signal 8(k) was obtained by
computing the Fast Fourier Transformation algorithm [147]:

o(k) =S o)W i (5.18)
j=1

where n is the number of data points in the temperature elevation signal, k& denotes one of
the n spectral components calculated for 8(t) and W, is defined as

W o= (5.19)

n

The resulting spectrum of the cyclic elevation temperature during a constant-amplitude
cyclic stress block looks similar to the one illustrated in Figure 5-12b.

In order to obtain the stabilized temperature elevation after each constant stress amplitude
block, we applied a Low-Pass Filter (LPF) to the spectrum 0 (k). It was done by multiplying
the spectrum 0 (k) by a rectangle window R (k) defined in the following form:

R(k):{o for k>fn/f,

1 for k<fn/f’ (5.20)
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Figure 5-11 Post-processing of temperature data acquired during self-heating measurement. a) Evaluation
zones for T and T,. b) Example of the conversion of raw temperature data into temperature elevation data.
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Figure 5-12 Example of the frequency spectrum obtained using a discrete Fourier transformation algorithm.
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Figure 5-13 Low pass filtering of the temperature data recorded in the mid cross-section of the sample.
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Figure 5-14 Identification of the steady-state temperature elevation 8.

where f, is the filter cutoff frequency and f;. is the acquisition frequency of the temperature
signal. The cutoff frequency was chosen in the order of Hz, much lower than the applied
load frequency. As a result, we obtained a smooth temperature elevation signal as illustrated
in Figure 5-13a. After that, the following exponential function:

O(t)=6(1—¢ ") (5.21)

was fitted to the filtered elevation temperature of the cyclic loading as illustrated in Figure
5-14. The fitting process was carried out using the Least-Squares method, with 8 and T,
as the adjustable parameters. 8 denotes the stabilized temperature of the corresponding
constant stress amplitude block of cycles.
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In addition, for each block of cycles, the amplitudes of the first, second, and third
harmonics of the temperature elevation signal in the mid cross-section were evaluated. The
harmonics evolution help to reveal the appearance of heat sources other than those

synchronized with the applied loading cycles.

5.3. Experimental results

5.3.1. Self-heating curves

The self-heating curves of the studied NiTi at 25°C, 40°C, and 80°C are presented in
Figure 5-15. The stress in the x-axis denotes the maximal applied stress during each block
of cycles, and the stabilized temperature elevation in the y-axis denotes the value obtained
after the exponential function fitting (equation (5.21)). The curves were obtained after
successive blocks of increasing stress amplitude cycles carried out at 25Hz. For each curve,
the B19’ martensite transformation stress onset gy is mentioned in order to keep in mind
the loading regime in each block of cycles. Only the oy at 25°C (420MPa) was estimated
from numerical calculations using the Sedlak model presented in a previous chapter. The
oyr values at 40°C and 80°C were obtained from tensile tests (600MPa and 900MPa
respectively).

At 25°C, the material is in a mixed state of B2 and R-phase under stress-free conditions,
as presumed from the transformation temperatures (Rs=25.5 & Rf=11.5) identified in DSC
curves (see Chapter 3). In consequence, the B2—R transformation is induced even at low
stresses. On the other hand, from the characterization analysis made in chapter 3, we
deduced that at 40°C, the samples are in B2 phase under stress-free conditions, but transform
into R-phase when the axial stress increases beyond ~215MPa. Finally, at 80° the samples
behave elastically up to ~590MPa, then a small amount of R-phase start developing before
the axial stress attains the B19’ transformation onset stress.

As observed in Figure 5-15, the stabilized temperature elevations 8 obtained during self-
heating tests are low under stress conditions below agyp: up to 1°C in tests performed at
25°C, up to 0.15°C in tests performed at 40°C, and less than 0.1°C in tests performed at
80°C. The self-heating curve at 25°C shows a continuous (nearly linear) heating with the
increase of the stress. In contrast, at 40°C the sample shows practically no self-hating before
attaining the B19’ transformation onset stress. Similar behavior was evidenced upon tests at
80°C, although the self-heating at stresses near oy was impossible to track since the sample
(sample 1 in Figure 5-15c) broke during the 0y, = 860MPa block of cycles. In order to
verify the unexpected self-heating behavior of samples tested at 40°C and 80°C, a second
sample was tested under the same conditions. The results shown in Figure 5-15b&c exhibit
similar self-heating trends as the first tests, i.e. noisy 6 values below g7, thus suggesting
the annihilation of self-heating in this loading regime.
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Figure 5-15 Self-heating curves

Taking a closer look at the temperature evolution in the mid cross-section (Figure 5-16),
we observe that not only the self-heating responses of the samples tested at 25°C, 40°C and
80°C are different, but also the shape and amplitude of the temperature cycles. At 25°C
(Figure 5-16a), the shape of the temperature signal follows the same sinusoidal shape of the
applied loading. In contrast, 40°C and 80°C responses show a degraded sinusoidal response,
with appearance of intermediate temperature peaks in the case of the test at 80°C (Figure
5-16¢). Note that the temperature signal amplitude obtained at 80°C is considerable lower
than the one obtained at 25°C in spite of the much higher applied stresses. As a result, we
infer that the intermediate B2—R promoted at low temperatures have a dramatic impact in
the self-heating behavior of NiTi as well as in the amplitude and shape of the temperature

signal.

The results obtained at 25°C, shows that the B2—R  transformation, although
characterized by a small mechanical hysteresis, dissipates energy in the form of heat even at
relatively low stress levels. The dissipation of heat in this loading regime can be attributed

to internal friction, surface energy, phase boundary movements, and upon increasing the

159



Fatigue Assessment of NiTi Wires through the Self-Heating Method

stress, to micro plasticity. Although similar behavior was expected for tests performed at
40°C and 80°C the relatively small volume of the measured zone, plus the sample’s shape
and the thermal boundary conditions (notably the use of the heat chamber) hindered the
detection of steady-state temperature elevations 6. In order to come up against these
challenges, we performed additional tests with the aim of clarifying the role of the mentioned

factors on the self-heating behavior of our samples.

5.3.2. Effects of the loading frequency

With the aim of boosting the self-heating response of the studied NiTi samples, we
performed self-heating tests at load frequencies of 40Hz and 55Hz. The results are presented
in Figure 5-17 together with the previous results obtained at 25Hz.

At 25°C ((Figure 5-17a), the load frequency of 55Hz resulted in a clear increase of the
steady-state temperature elevations. In contrast, the self-heating curve obtained at 40Hz
shows values barely above the 25Hz self-heating curve. Such a nonlinear loading frequency
effect, instead of being attributed to viscous mechanisms, is rather the consequence of shifts
of the B2—R transformation stress onsets caused by local temperature elevations in the

material.

In the tests performed at 40°C and 80°C, the effects of the load frequency are less evident.
In fact, at 40°C (Figure 5-17b), higher steady-state temperature elevations were obtained in
the case of tests performed at 40Hz, whereas tests at 55Hz show a response that lies between
the 25Hz and 40Hz curves. At 80°C (Figure 5-17c), the self-heating responses remained noisy
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Figure 5-16 Comparison of the temperature elevations extracted from blocks of cycles at 25°C (a), 40°C(b),
and 80°C (c).
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in spite of the increase of the load frequency, confirming the apparent lack of heat dissipation

upon cyclic loading.
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Figure 5-17 Effects of the loading frequency on self-heating behavior of NiTi samples.
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Figure 5-18 Harmonic decomposition of the temperature elevation signal

161



Fatigue Assessment of NiTi Wires through the Self-Heating Method

The uncommon self-heating behavior of NiTi suggests that the strong thermomechanical
coupling related to phase transformations may play an important role in the interaction
between dissipation sources. This subject will be tackled in later sections where the analysis
of the cyclic thermomechanical response of hourglass-shaped NiTi samples will be assisted

by means of modeling tools.
5.3.3. Evolution of the temperature harmonics

The low temperature elevations recorded during self-heating tests make the filtered
temperature elevation responses more “wavy”, which hinders the identification of the steady-
state temperature values 8. See for example in Figure 5-16¢ the order of magnitude of the
temperature elevation of the material tested at 80°C under 860MPa of maximum stress.
Even though the applied stress in this case was relatively high (well above the endurance
limit of the material and close to the B19’ transformation onset stress), only a temperature
elevation amplitude of about 0.05°C is obtained. Note that such a small temperature
elevation value gets close to the sensitivity of the infrared detector. Moreover, under these
conditions, the calculation of the steady-state temperature elevation becomes much more
sensitive to small changes of the temperature of the surroundings. For the values of 8 shown
in the 80°C self-heating curves in Figure 5-17c, temperature surrounding changes as small
as some tens of micro kelvins may result in significant noise in the self-heating response. In
order to face these difficulties, we carried out the spectral analysis of the temperature
elevations of each block of cycles. The procedure that we present next is similar to the so-
called “Lock-in” technique used by Krapez et al. [135] (presented previously in Figure 4-2)

for analyzing the self-heating response of a stainless steel and an aluminum alloy.

The technique consists in performing a harmonic decomposition of the temperature

elevation signal, i.e.:
=6 +sin2rft + @)+ 6,sin(271ft + §,) + 6, sin(277ft + P,), (5.22)
where 84, 8,, and 65 are the amplitudes of the fundamental frequency, the second harmonic

and the third harmonic respectively. The magnitude of 8, corresponds to the so-called DC
value, which in this case may be close to the steady-state temperature elevation 8 as the
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Figure 5-19 DC value of the temperature elevation signal. a)25°C. b)40°C. ¢)80°C.

162



Structural Fatigue of Superelastic NiTi Wires

signal was zero-corrected. The fundamental frequency is the same as the applied loading
frequency f;.

The identification of the harmonic amplitudes was performed by extracting the values of
the amplitude peaks at 0, f;, 2f;, and 3f; frequencies in the spectrum of the temperature
elevation response. The spectrum was computed using a Fast Fourier Transformation
algorithm over a segment of the temperature elevation signal in the stabilized region (see
Figure 5-18). The evolutions of the harmonic amplitudes in terms of the maximum applied
stress per block of cycles at 25°C, 40°C, and 80°C are presented in Figure 5-19 to Figure
5-22. In each figure, we plot the responses obtained at 25Hz and 55Hz loading frequency.

The curves of 8, component in terms of the maximal stress (Figure 5-19) show similar
trends as the self-heating curves presented in Figure 5-17. At 25°C, the 6, values increase
almost linearly with the maximum applied stress up to the B19’ stress onset. However, this
time the response at 55Hz shows smaller differences with respect to the response obtained
at 25Hz. At 40°C, we observe that the response at 55Hz starts raising after 400MPa, which
was not noticeable in the self-heating curves in Figure 5-17b. At 80°C, as in the self-heating
curves in Figure 5-17c, the evolution of the 8, component resulted noisy for all tested stresses

below oyr.

The 6, curves in Figure 5-20 correspond to the components of the temperature signal that
follows the cyclic amplitude imposed by the tensile machine. In traditional alloys, the
component 6; corresponds to the thermoelastic effect (i.e. cooling upon loading, and heating
upon unloading), which do not contribute to the self-heating of the material as the amount
of heat released upon the unloading stage of a cycle is by definition the same as the amount
of heat absorbed upon the loading stage. In Figure 5-20a, we observe that the material tested
at 25°C exhibits a linear increase of 8; for the first low-stress blocks of cycles. The linear
trend ceases at 250MPa in the case of tests carried out at 25Hz. After that, constant 6;
values are obtained until the B19’ transformation stress is attained. On the other hand, the
0, curve of tests performed at 55Hz shows a more subtle loss of heating rate after the
threshold of linearity at 320MPa is exceeded. The first harmonic amplitudes in this case may
correspond to the B2eR transformation that takes place all along the loading cycle. At 40°C
(Figure 5-20b), the evolution of 8; at 25Hz and 55Hz are practically the same. The
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temperature amplitude starts raising after the 400MPa stress block, which is 180MPa higher
than the onset of the B2—R transformation (o). At 80°C, unlike the trends observed in the
self-heating and 6, curves, the 8; behavior exhibits a noise-free behavior (Figure 5-20c).
The curves in Figure 5-20c show the interesting competition between the thermoelastic effect
and the latent heat of the B2©R transformation. For both tested frequencies, the 6,
amplitudes increase slowly up to the 600MPa block, then they decrease until becoming
almost null when the maximum stress reaches oyr. The inflection point of the curves at
600MPa coincide with the onset stress op for the material at 80°C, which was previously
identified at ~590MPa. At high stresses, the temperature elevation during one loading cycle
is characterized by two temperature local maxima as shown in Figure 5-16¢; therefore, the
decrease of the first harmonic might be compensated by an increase of higher order harmonic

components as we describe in the following paragraph.

Higher order harmonic components allow the identification of heating mechanisms other
than those that follows the applied loading. Such is the case of intrinsic material dissipation
yielded at intermediate stress levels in traditional alloys or stress-induced phase
transformations in NiTi. The changes observed in the first harmonic amplitude curves
(Figure 5-20) are somehow reflected in the second harmonic amplitude behavior (Figure
5-21). For instance, at 25°C, the slope changes of 8, detected at 250MPa and 320MPa in
the tests at 25Hz and 55Hz (Figure 5-20a) correspond to local minima in the 6, curves
(Figure 5-21a). At 40°C, the temperature raise threshold of 400MPa observed in the 6
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curves (Figure 5-20b) appears again in the 8, curves (Figure 5-21b), showing a resemblance
to typical self-heating curves in traditional structural alloys. At 80°C (Figure 5-21c), the
evolution of 8, shows a continuous increase from low stresses. This time, the 6; inflection
point observed at 600MPa (Figure 5-20c) is vanished within the continuous increasing

response of 6,.

The third order harmonic shows also interesting trends. However, we have to bear in mind
that the low magnitude of the 8; peak in the spectrum makes it more sensitive to noise in
the original temperature signal. At 25°C (Figure 5-22a), it is interesting that in both curves
at 25Hz and 55Hz, a change of the 65 trend is observed at 320MPa. Above this threshold,
higher applied stresses result in slight 8; amplitude increments until the oy is reached. At
40°C (Figure 5-22b), the 400MPa temperature raise threshold is again observed in both tests
at 25Hz and 55Hz. Finally at 80°C the 85 curve reveals no evolution below 800MPa, only
100MPa below oyp. At such high stress, the material may nucleate cracks already in the
first hundreds of cycles as revealed by the fatigue study in Chapter 4; therefore, the 65
increase may be related to cyclic localized phase transformations at the crack tip

accompanied by their correspondent latent heat release/absorptions.
5.3.4. Influence of the shape of the sample

So far, we have analyzed the temperature evolution of the sample by averaging the
temperature in a small region in the mid cross-section. In order to calculate the energy
related to the temperature changes upon cyclic loading, the heat equation (5.3) is used. The
solution of the heat equation can be simplified by adopting different hypothesis according to
the nature of the studied heat diffusion problem. In our case, since the IR detector records
2D temperature fields, only the temperature of the surface of the samples can be evaluated.

Moreover, in hourglass-shaped samples, the cylindrical shape of the surface makes it
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Figure 5-23 Steel samples. a)Geometry. b)Quasi-static tensile response.
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impossible to carry out a two-dimensional heat diffusion analysis, reducing the possibilities
to either a one-dimensional or a zero-dimensional diffusion problem. The zero-dimensional
problem considers only the heat exchanges of the material with its surroundings; hence, it is
assumed that the material heats and cools homogeneously. On the other hand, a one-
dimensional problem takes into account the heat conduction in one direction, which makes

it possible to analyze a longitudinal distribution of temperature and heat sources.

The evolution of the temperature in the mid cross-section of hourglass shaped samples
upon tensile mechanical loading is mainly product of a constant activation of heat sources
of the confined volume in the middle of the samples. However, the continuous cross-section
reduction of the samples introduces a gradient of stress and consequently a heat sources
distribution along its axis. In order to assess the impact of the shape of the samples on self-
heating measurements, we carried out a series self-heating tests on stainless steel samples
processed into dog-bone and hourglass shapes. Like NiTi hourglass-shaped samples, steel
samples were prepared by grinding and electropolishing. Their geometric dimensions are
presented in Figure 5-23a. Note that the 25mm gauge length of dog-bone samples allows a
uniform distribution of tensile stresses since the cross-section is constant. In contrast, the
nominal tensile stress in the mid cross-section of the hourglass shape sample results 2.25

times the stress outside the groove zone and introduces triaxial stress states in some zones
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Figure 5-25 Cooling stage after cycling. a) Dog-bone sample. b) Hourglass sample.
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of the groove as we discussed in Chapter 3. A——t the mid cross-section, where the stresses
remains practically in a uniaxial state, the stress at the surface of hourglass-shaped sample
is 1.7% higher than the nominal stress (K»=1.017). The nominal tensile response of the

material is presented in Figure 5-23.

The self-heating tests were carried out at 25Hz at room temperature and a stress ratio
equal to 0.1. The experimental setup was the same described previously in Figure 3-20. Two
samples were tested for each geometry in order to verify the repeatability of the results.
Blocks of 1000 constant stress amplitude cycles were applied in the case of the hourglass
shape, while 1500 blocks of cycles were applied to dog-bone samples. Longer block of cycles
were performed on dog-bone samples because it took generally longer times to stabilize the
temperature. The increase step of the maximum stress was 50MPa between successive blocks
of cycles. For both sample shapes, the temperature measurement was obtained by averaging
the temperature values on a 15x30pixels zone in the middle of the samples as illustrated in
Figure 5-23a. The post-processing procedure to determine the steady-state temperature

elevation per block of cycles was the same one presented in section 5.2.2.

The self-heating curves of stainless steel samples are shown in Figure 5-24. The dog-bone
sample exhibits a more intense self-heating response compared to the hourglass one. As
observed, the self-heating responses are well reproduced upon second tests in new samples.
In addition, we compare in Figure 5-25 the cooling stages of two blocks of cycles resulted in
nearly the same steady-state temperature elevation using dog-bone (blue curve) and
hourglass (red curve) samples. We observe that the hourglass-shaped sample exhibits a more
accelerated cooling compared to the dog-bone one. The characteristic time 7., of the

decreasing exponential function
Ge '™ (5.23)

fitted to the temperature recorded upon cooling in Figure 5-25, was 16s in the case of the

dog-bone sample and 10s in the case of the hourglass sample.

In conclusion, the shape of the sample plays an important role on the self-heating behavior
of good thermal conductors such as steel or NiTi alloys. Although the cross section reductions
are not pronounced, it was evidenced that the heat produced in the mid cross-section of an
hourglass sample dissipates faster than in a constant cross-section sample such as the dog-
bone one. These heat losses are present even in the absence of complicated heat sources
interaction such as in NiTi. Since the tests presented in Figure 5-24 were performed under
the same experimental conditions, we attribute the difference in heating/cooling rates to
differences in the heat conduction in the axial direction. These differences are induced by a

more or less pronounced temperature gradient due to the geometry of the sample.
5.3.5. Temperature evolution during monotonic tensile tests

In order to have a better insight of the interaction of heat sources upon tensile loading in
hourglass-shape samples, we performed high strain rate monotonic tensile tests at 40°C and
80°C. This time, we analyzed the axial profile distribution of the temperature near the mid

cross-section. The tests were performed using the experimental setup presented in Figure
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3-20a, except that this time we used a 10mm clip-on extensometer to track the mechanical
response of the material. The IR detector acquired thermographs at 450Hz for tests at 40°C
and at 800Hz for tests at 80°C, allowing excellent spatial and temporal resolutions. The
monotonic load was applied in force control mode with a constant stress rate of 1000MPa/s.
The thermomechanical responses up to two maximum stresses were evaluated, one below
the B19’ transformation onset and the second one above it. After reaching the maximum
stress upon loading, the force was kept constant to allow the sample to reach the thermal
equilibrium. Once the thermal equilibrium was reached, we proceeded to unload the sample
at 1000MPa/s. After the unloading, we also recorded IR thermographs until the sample
reached the thermal equilibrium. Two different samples were used at 40°C and 80°C for the
group of load-unload tests in the B2R and B2/Re B19’ loading regimes.

The acquired thermographs were converted into temperature elevation maps by
subtracting a reference thermograph, which was calculated by performing a temporal
averaging of 50 thermographs in the thermal equilibrium. The temperature elevation maps
were converted into one-dimension arrays of temperature values by averaging the rows of
pixels of a 35x120px rectangle in the middle of the sample. This post-processing procedure
is illustrated schematically in Figure 5-26.

The 1D temperature evolution upon monotonic tensile loading are presented in the form
of height-time-temperature maps in Figure 5-27-Figure 5-30, where the x-axis represents the
time, the y-axis the z-position of a temperature point and the temperature is denoted by the
color. In addition, the stress and temperature elevation at the mid cross-section are plotted
together with each height-time-temperature map.
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Figure 5-27 Temperature elevations upon high strain rate tests in the B2&R loading regime at 40°C. a)Load
up to 500MPa. b)Unloading down to 10 MPa. c) Nominal stress vs extensometer elongation response.

At 40°C, a first drop of temperature, characteristic of the thermoelastic effect in metals,
is observed in the first stage of the loading (Figure 5-27a). When the stress reaches ~220MPa,
the material starts heating up indicating the start of the B2—R transformation. The heating
stage is continuous and spreads axially up to ~Imm from the mid cross-section. At the end
of the load, when the stress reaches 500MPa, the temperature in the mid cross-section is
almost 1°C. Upon the unloading (Figure 5-27b), the temperature drops since the very
beginning of the stress relieve, indicating an early R—B2 reverse transformation. The
temperature drop in this case is faster and more intense that the heating observed during
the loading stage. Note that the temperature drop attains its minimum when the stress
reaches 360MPa being 140MPa higher than the stress onset identified for the forward B2—R
transformation. After that, natural return to the equilibrium temperature, together with

thermoelastic heat release complete the unloading stage.

In contrast, the temperature elevations during the high strain rate tensile test at 80°C
shows lower magnitudes and more homogeneous distribution than at 40°C even though the
range of the applied stress was much higher (Figure 5-28). Upon the loading (Figure 5-28a),

the weak thermoelastic heat source results in an apparent homogeneous temperature drop
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Figure 5-28 Temperature elevations upon high strain rate tests in the B2R loading regime at 80°C. a)Load
up to 800MPa. b)Unloading to 10 MPa. ¢) Nominal stress vs extensometer elongation response.

distribution along the axis of the sample. At the mid cross-section, the temperature drops
down to -0.2°C when the stress reaches 580MPa. After that, a slight temperature increase is
observed, which may indicate the onset of the B2—R phase transformation. This hypothesis
is supported by the fact that the start of the unloading (Figure 5-28b) is accompanied by a
drop of temperature instead of an increase as it would be expected if the material would
behaves elastically. To sum up, at 80°C, the thermoelastic effect prevails over the latent
heat of the B2—R transformation, contrarily to the behavior observed at 40°C. The latent
heat of the B2—R transformation renders the temperature distribution in the sample

heterogeneous.

The results of the tests performed up to stresses beyond the B19’ transformation stress
onset are presented in Figure 5-29 and Figure 5-30. Unlike the B2eR loading regime, when
the B19’ transformation is stress-induced, a fast and intense temperature increase is
observed. Similar maximum temperature elevation values in the mid cross-section are
obtained at 40°C and 80°C (22°C in Figure 5-29a and 24°C in Figure 5-30a respectively).
The temperature increase occurs almost instantaneously in a volume of 600pum height in the
mid cross-section. Such a high temperature elevation prevents the transformation to spread

outside the mid cross-section; consequently, once the heat is dissipated, and the material
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cools down, the phase transformation spreads out of the mid cross-section due to the force
constraint imposed after the loading end. This is evidenced by the increase of the elongation
of the extensometer observed in Figure 5-29c and Figure 5-30c after the end of the loading.
Upon the unloading, the sample tested at 40°C starts cooling down at ~Imm outside the
mid cross-section (Figure 5-29b). The temperature drop produces a significant shift in the
stress needed for the reverse transformation in the mid cross-section, which could not even
be completed after unloading the sample. It was only upon the return to thermal equilibrium
stage that the transformation strain could finally be recovered. At 80°C, a similar
phenomenon is observed (Figure 5-30b). This time the sample starts cooling at ~600pm from
the mid cross-section and the reverse transformation onset decreased from 600MPa (see
quasi-static response in Figure 5-30c) down to ~300MPa.

In conclusion, the characteristic latent heats of first order phase transformations as the
ones occurring in NiTi generate significant gradients of temperature elevation, much higher
than the ones induced by thermoelasticity. In the case of B2—R phase transformation,
temperature elevation differences of more than 1°C in a zone of 0.5mm long away from the

mid cross-section were recorded. The temperature distribution turns much more
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heterogeneous when the B19’ transformation is induced. It evens affects significantly the

mechanical response of the material by shifting the transformation stresses.

In the following section, we propose a numerical tool to assess the interaction between

phase transformations, heat and temperature taking into account the hourglass shape of our

samples.

5.4. Modeling of the thermomechanical behavior of NiTi

5.4.1. 1D diffusion problem in hourglass-shaped samples

To begin with, we integrate the local form of the heat equation in the entire sample volume

within the testing machine clamps:

[ pC T(zt)dV + [ din(i(z)dV = [ pCs,(z,t)dV
14 14 14

where the second term is computed using the theorem of the divergence:

[ dio(d(z,t)dv = [ g.ids .

(5.24)

(5.25)
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As in the constant cross-section one-dimensional diffusion problem in section 5.1.2.2, the

heat flux is defined by the Fourier’s law
1(5,1) = ~Agrad(T(s,1) (5.26)
therefore the heat conduction term (5.25) becomes

oT , hS,(2) 6(z, t)J S (2)dz. (5.27)

i div(G(z,t))dV = [_/] 0> V(2)

Unlike the 1D diffusion problem described in section 5.1.2.2, the heat conduction term in

this case considers the changing cross section S in the z direction. As a result the volume
V(2) = mr(z)’dz (5.28)
and the lateral area of the sample

S (z) =2mr(z)dz (5.29)

lat

are also functions of z. In (5.27), A denotes the heat conductivity of the material and h, the
heat exchange coefficient of the sample with the surroundings. The temperature elevation 8

is defined this time as a function of z and the time ¢,

O(z,t) = T(z, ) = T (21), (5.30)

Te,

where the reference temperature Ty.r is the temperature distribution in the sample in the

equilibrium state.
Rewriting the heat equation in terms of 8(z,t) results in the following expression:

00(z,t) A 0°6(z,1) N 6(z,1t) _ 5,(2,t)

, (5.31)
ot pC 07 r,(2)  pC,
where the characteristic time 7,4 is a function of z defined as
C V(z
T = pp—() (5.32)
“ hesezt(z)

The computation of the heat equation (5.31) was carried out using the Crank-Nicolson
implicit finite difference method. It approximates the values 8 at the intermediate step time
t+dt/2 by averaging the values of 8 at the instants ¢ and t+dt:

B(Z,t + %J U Z<z’t +di) (5.33)

The time derivative of 8(z,t + dt/2) is approximated using a centered differences scheme,

hence,

08(zt +9) _ 6zt +dt) - 8, 1)
ot dt

+0(dt), (5.34)
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whereas the first order spatial derivative at t+dt/2 is approximated using the average of the
first order centered differences for 6,(z,t) and 6,(z, t + dt), i.e.:

06(z,t + 1) l(@(z +dzt) = 0z —dzyt) | Bz +dzt +dt) = 6z — dz,t + di)

0z 9 2dz 2dz

(5.35)

j +0(dz).

Similarly, the second order spatial derivative at t+dt/2 is computed by averaging the second
order centered differences for 6,,(z,t) and 6,,(z,t + dt), which results in

0°0(z,t + 1) _1[ 6(z +dzt) = 26(2,1) + Oz — dz, t)
0z 2 0z
N O(z + dz,t +dt) —26(z,t + dt) + 6(z — dz,t + dt)
9z’

] +0(d?) . (5.36)

Assuming that the heat sources term s; is time independent, the heat equation becomes

00(z,t +dt) + B(zt) A [9(2 +dz,t) = 20(z,t) + O(z — dz,t)

ot 2pC, 9z’
L O +dyt+dt) = 20(z t +dt) + Oz —dz,t +dt) | | Oz t) + Ozt +dt) _ 5,(2)
0z 2r, (2) pC,
(5.37)
Ordering the ,
1, 4 -+ ! O(z,t +dt) 1, —+ 1 6(z,1)
dt  2pC dz 2t (2) at  2pC dz 2t (2)
A s(2)
——2(6’(2 +dz,t +dt)+ 0(z —dz,t +dt) + 0(z + dz,t) + O(z — dz,t + t)) =
2,00pdz pCp
(5.38)
with the initial condition
6(2,0)=0 (5.39)
and the Robin boundary condition in z € {L, —L}:
00(z,t) z h
L= -t fzt 5.40
0z LA () (5.40)

where h, is the heat exchange coefficient between the sample and the testing machine clamps.
Resolving the boundary condition (5.40) using the Crank-Nicolson scheme (equation (5.35))

results in
_ — Q- h
O(dz - L,t) - 6(~L,1) = g-L,1) (5.41)
0z A
and
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The equation (5.38) can be reduced to a matrix form problem such as:

0z

—

h
L Q).
ALY

A()B(t + dt) + B(2)B(t) = § (2,1)

with
6(-L,t) 0
6(dz — L,t) . 5,(dz — L,t)
0(z,t) = : and S (zt) = v :
O(L - dz 1) Po0| (L - dat)
O(L,t) 0
and
a -1 0 0 0 O 0
b c(z) b 0 0 b d(z) b
Alz) = O b C(z) b 0 and  B(z) = O b d(z)
0 0 b cz) b 0 0
0 0 0 -1 a 0 0
(5.45)
s &7
a = 1+ clamps
A
___ 4
2,0de22
where ! 1 1
( )=—+ -+
dt 2pC d2" 21, (2)
d(z) = —i + /1 5 1
dt 2pC dz 21, (2)

t

(5.42)

(5.43)

(5.44)

(5.46)

The Crank-Nicolson scheme is widely used for solving diffusion problems as it provides a

second order accurate implicit finite-difference procedure in both time and space. Moreover,

note that the matrix A is tridiagonal and symmetric positive definite, which facilitates the

calculation of its inverse when solving the system of linear equations (5.43). It worth

mentioning that neither A nor B change in time as they are defined considering a constant

time step dt. Similarly, their sizes are defined by the spatial discretization of the problem,

assuming it is done at a fixed step equal to dz.

5.4.1.1. Thermoelastic coupling

The thermoelastic coupling (s;p) is one of the heat sources term previously introduced in

the energy conservation equation (5.3). It defines the interaction between the volumetric

strains and the temperature:
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Y

1 &
0Toe

s, =pT

th

, (5.47)

which allows us to describe the thermal expansion phenomenon and inversely, the adiabatic
cooling effect produced upon pressure increase.

With respect to the volume specific Helmholtz free energy potential p¥, we adopted the
same form as the potential F introduced in the Sedldk model in Chapter 3:

oy =F= %Ktr(e - a61y + G(E.)|dente) - &

+ul =T +c' {(T -T)-Tln (%ﬂ +&s™(T = T) +nAs" (T = T)).

0

(5.48)

Note that we modified the definition of the strain tensor form proposed by Sedlak et al. in
order to introduce the thermal expansion. As a result the strain tensor now reads

=" +£" + a6l (5.49)
where a is the isotropic thermal expansion coefficient and I denotes the second order identity
tensor. Let us recall the thermodynamic forces associated with the internal variables &, &

(volume fraction of B19’ martensite), &” (transformation strain tensor), and # (volume

fraction of R-phase) of the Sedlak model:

o= p(;—t = Ktr(€ ~ a6 + 2G(&,17)| dev(e) - &" |, (5.50)
oy r
X = ~p—- = 2G(&,)| dev(e) - &" |, (5.51)
o€
—_ aLP — _aG(C(?”) _ tr 2 _ T . T
=P g a—é”dev(a) &' +26(&.n)(dee) - ") : €
R
= As™(T = 1T)) + nps™™ 9% (&) (5.52)
¢
- _ aLIJ - _ aG(Ea’?) _ tr 2 _ AR _ mR AR aTR(fvn)
r= p% = THde’U(E) e As (T TU (57,7)) + Qs —06/7 .
(5.53)
Now that we have introduced the thermal deformations, the thermoelastic coupling becomes
RN
T €E=-3Kall: & 5.54
p 0Tde (5:54)

with : as the double dot tensor product and the strain rate tensor as

E=&"+ " + & +adl. (5.55)
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In order to define the elastic strain rate tensor, let us rewrite the stress and elastic strain
tensors in terms of the fourth order isotropic stiffness tensor C:
g=C:¢&" and £'=C':0; (5.56)
therefore the stress and strain rate tensors read
0=C:&" and é&'=C':0. (5.57)
Moreover, in a uniaxial stress state, the stress tensor o can be defined as
o= f(t)N (5.58)
with
0 0
1

0
N = 0 (5.59)
0

sym rz0

as the normalized directional tensor and f(t) as the magnitude of the stress. Consequently

the stress rate tensor reads
o = f(H)N, (5.60)
which lead us to the following expression for the strain rate tensor:
£=C":0+kEN'+ abl, (5.61)

where we considered € = kN’ (valid only in a uniaxial superelastic configuration), with &
as the transformation strain magnitude and
1
N'=N- gtr(N)I . (5.62)

As a result, the expression I: € in (5.54) can be defined as

1:6=f1:C":N+kil: N'+adl:1, (5.63)
where I: C™ = I, I:N=1,I:N'=0, and I:1=3. Finally, the thermoelastic coupling
reads

pT s (€= —af(t)T -9KTa"6. (5.64)
0Tde

Considering that the temperature elevations are small, we can assume T = T,r. To
implement the thermoelastic coupling in the 1D heat diffusion solution of a tensile loaded
hourglass-shaped sample, we resolve 6 using the Crank-Nicolson scheme. As a result, the
components c(z) and d(z) of matrices A and B in (5.45) become

177



Fatigue Assessment of NiTi Wires through the Self-Heating Method

1 p) 1 9KT &
c(z)=—+ -+ +
dt  2pC dz 2r, (2)  pC dt
9KT o’
d(z) = 1, A -+ 1 o (5.65)
dt  2pC d- 21, (2) pCdt

and the thermoelastic component of the heat source term in (5.44) is now defined as:

s, (5t) = —af(t)T

ref

(5.66)

5.4.1.2. Phase transformation thermomechanical coupling

The other thermomechanical couplings, associated to the internal variables &, £", and

n , are defined as follows:

FRUN

s; = pT 370 §=T As™E (5.67)
2
s, = PT aa:r:;r €7 =0 (5.68)
o’y .
s, = T 2Tan N = TTefAsARn. (5.69)

As a result the total heat source term in (5.44) becomes

5,(2,8) = s, (2,1) + 5,(2,8) + 5 (2,1). (5.70)

5.4.2. Identification of the heat exchange coefficients

In addition to the parameters of the Sedlak model identified in Chapter 3, the computation
of the 1D diffusional problem of tensile loaded NiTi hourglass-shaped samples requires the
identification of the heat conductivity A, the thermal expansion coefficient @, the specific
heat capacity Cp, the volumetric mass p and the heat exchange parameters h. and h,. The
first three quantities are material parameters, while the latest two are dependent on the

boundary conditions of the problem.

For the purpose of simulations, we define the specific heat capacity Cp by averaging the
values measured upon DSC experiments presented in Chapter 3. It resulted in a value of
412J(kgK)". The density mass was set equal to 6400kgm™ as in other works [148][149], the
thermal expansion coefficient equal to 11x10°K", and the thermal conductivity set equal to
5.5Wm'K, neglecting possible changes due to phase transformations. It worth mentioning
that the thermal conductivity of NiTi shows large scatter among reported works in the
literature. For instance, values as low as 4.8 Wm'K" have been reported in thin NiTi films
[150], and as high as 18 Wm"K™ in NiTi rods [151].

In order to estimate the heat exchange coefficients h, and h,, a commonly used practice
consists in using the thermal model to predict the temperature evolution of a sample during

its return to thermal equilibrium in the absence of heat sources (i.e. the right hand of the
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heat equation (5.31) becomes 0). We carried out this procedure using the thermal data
collected upon the return to thermal equilibrium of high strain rate tensile tests performed
at 40°C (Figure 5-27). We focused on the loading and unloading tests in the B2—R loading
regime since they showed temperature elevations well above the thermal resolution of the
IR detector. Moreover, we avoided using the heat exchange coefficients estimate procedure
in tests exhibiting stress-induced B19’ transformation because we detected continuous phase

transformation processes during the return to thermal equilibrium stage (see Figure 5-29¢

| | Groove | |
081 i . — Experimental]
06t : : — Gaussian
o : :
< 04 : :
0.2+ ! ;

O 1 1 1 1 1
-0.01 -0.00VO 0.005 0.01
z [mm]

Mid cross-section

Figure 5-31 Fitting of a Gaussian function to the temperature profile obtained at the end of the high strain
loading test presented in Figure 5-27a.

and Figure 5-30c). This, evidently, violates the zero-heat source assumption of the estimate

procedure.

For estimating the heat exchange coefficients using the 1D heat equation model for
hourglass-shaped samples, we require to know the axial temperature distribution of the whole
sample volume within the tensile machine clamps at the beginning of the return to
equilibrium stage. Since the tensile loading was applied at high strain rate, we might consider
that negligible temperature evolutions occurred in the zones of the samples near the clamps
(distanced ~12.5mm from the mid cross-section). This allowed us to approximate the full
axial temperature distribution of the sample at the end of the loading by the following
Gaussian function:

-2

flz) = Ce? (5.71)

where C'is the local temperature in the mid-cross section and b is a parameter to fit. Figure

5-31 shows the estimate of the temperature profile in the 25mm length of the hourglass

Parameter Value Unit
A 5.5 W (mK)
Cp 412 J(kgK)™!
p 4600 Kgm™
a 11x10-6 K
he 270 WK 'm?
he neglected WK'm™?

Table 5-2 Thermal material parameters for simulations of tensile loadings on NiTi hourglass-shaped

samples
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shaped sample tested at high strain rate in Figure 5-27a. The estimated profile was
discretized in steps of 15um, then, used as an initial temperature profile to carry out the
identification of the heat exchange coefficients.

The identification of the heat exchange coefficients was carried out by the least square
error (LSE) fitting method. For that, we used the 128px-lenght 1D temperature data
acquired during the return to thermal equilibrium stage after the loading and the unloading
tests previously presented in Figure 5-27a and Figure 5-27b respectively.

The resulting values of the heat exchange coefficient with the surrounding air (h,) was
calculated equal to 152 WK'm™ in the case of LSE fitting to the return to thermal
equilibrium after the loading test in Figure 5-27a, and equal to 270 WK"'m™ in the case of
the unloading test in Figure 5-27b. In contrast, the heat exchange coefficient with the clamps
(he) did not show any effect on the simulated return to thermal equilibrium stages. We
attribute this to the localized nature of the temperature elevation in the mid cross-section
of the sample. Recall that

in the constant cross-section parts of the sample, the material sees almost 2.5 times less
stress than in the mid cross-section; therefore, in principle, the heat sources there must be

. 6 in the mid cross-section
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08 — 1D Model mifd g
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t[s] 1s (sl
a)
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Figure 5-32 Results of simulations of the natural cooling/heating after high strain rate tests presented in
Figure 5-27a (a) and Figure 5-27b (b). In addition the differences between the experimental temperature
elevations and the modeled ones are presented in the form of height-time-temperature diagrams.
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at least 2.5 times lower, which makes the temperature elevations in these parts very low.
Since the temperature of the grips was stabilized for long time before running the tests, and
considering that the length of the sample is much larger than the zone of concentrated
temperature increase, we might change the Robin-type boundary conditions established in

(5.40) by Neumann-type ones, i.e.:

00(z,t)
0z

=0. (5.72)

The predicted temperature evolutions in the mid cross-section after the high strain loading
and unloading tests are shown in Figure 5-32. In addition, we show the temporal axial
distribution of the error between the experimental data and the model. Note that the fitting
procedure resulted in lower error magnitudes in the case of natural heating after the fast
unloading test (Figure 5-32b) than in the case of natural cooling after the fast loading test
(Figure 5-32a).

5.4.3. Cyclic thermoelastic effect

We simulated the thermal response of an isotropic elastic hourglass-shaped sample
subjected to repetitive pull-pull tensile loading. For these simulations, we use the thermal
parameters presented in Table 5-2 and the same bulk modulus as the one identified for NiTi
in Chapter 3 (150GPa). The time discretization step was set equal to 8x10*s and the axial
dimension of the sample discretized into steps of 150um. Cyclic sinusoidal tests were
simulated under force-control conditions at 25Hz with a stress ratio of 0.1 and a maximal
stress of 490MPa. The simulation was started at the mean stress of the cyclic loading and
conducted until completing 100 cycles. The reference temperature was kept constant at 40°C.

The simulated temperature evolution of an elastic hourglass-shaped sample is shown in
Figure 5-33. As observed in the mid cross-section response (Figure 5-33b), the mean
temperature stabilizes after the first couple of stress cycles. The cyclic component of the
temperature, on the other hand, resulted 90° out-of-phase with respect to the cyclic applied

¢ 0 at the mid cross-section
08 04 0 04 08 0.8 600
_HEST T aam 08 )
0.6
0.6
0.4 0.4 400 _
£ B g © 02 S
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ZN 0 l‘ I A e M H{
0.2
L 0
008" '0'40 1 .8 38 39 395 4
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a) b)

Figure 5-33 Simulated temperature response of an isotropic elastic hourglass-shaped sample under cyclic
tensile stress. a) Height-time-temperature diagram showing the axial temperature distribution of the total
length of the sample in the last 10 cycles of the simulation. b) Temperature elevation evolution in the mid

cross-section.
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Figure 5-34 Frequency spectrum of the temperature elevation response in the mid cross-section of an elastic
hourglass-shaped sample under cyclic tensile loading

stress. The amplitude of the temperature evolution was 0.29°C, which is about the same
values found in experiments on NiTi samples in Figure 5-27 and Figure 5-28.

When looking at the frequency spectrum of the simulated signal in the mid-cross section
(Figure 5-34), we notice the dominance of the first harmonic component and the absence of

second order and third order harmonics.

From these numerical results, we may conclude that the cross section reduction, and
therefore the stress gradient along the sample does not have an impact on the mean

temperature elevation of the material in the mid-cross section.

5.4.4. Cyclic phase transformation latent heat

We coupled the 1D heat equation solution of hourglass shaped samples with the 1D version
of the thermomechanical model of Sedlék et al. As introduced in Chapter 3, the Sedlak model
defines the temperature as a prescribed parameter. Therefore, to simulate the coupled
behavior of NiTi under tensile stress, we develop a loop-based routine in which the
mechanical and the microstructure material state are first calculated by Sedlak’s model.
Then, the heat sources related to phase changes are calculated and passed to the 1D heat
equation model, which computes the temperature elevation along the axis of the sample.
The procedure is repeated with a fixed simulation step time of 8x10%s. The spatial
distribution was the same as the one used for the elastic simulations (150pm).

In a first simulation, we considered the transformation thermomechanical coupling of the
B2eR transformation only; hence, we neglected the thermoelastic effect. The applied loading

was the same as the one presented for the elastic simulations in Figure 5-33. The nominal

O, ——| Sédlak Model
A

tr
S¢'s Sp O T
Y

1D Heat Equation
Model

Figure 5-35 Schematic representation of the loop routine used for simulating the thermomechanical response of
cyclic loaded hourglass-shaped NiTi samples.
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Figure 5-36 Simulated stress-strain response of an hourglass-shaped NiTi sample under cyclic tensile stresses,
where the thermoelastic effect has been neglected.

material response at the mid cross-section of the sample is illustrated in Figure 5-36. In spite
of the diffussionless definition of the B2—R transformation in Sedlak’s model, the stress-
strain response of the material exhibits hysteresis. This is caused exclusively by the cyclic
temperature changes induced by the cyclic phase transformations latent heat, which modifies
continuously the stress needed for initiating the transformation.

6 [°C] 0 at the mid cross-section
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Figure 5-37 Simulated temperature response of NiTi hourglass-shaped sample under cyclic tensile stress
neglecting the thermoelastic contributions. a) Height-time-temperature diagram showing the axial temperature
distribution of the total length of the sample in the last 10 cycles of the simulation. b) Temperature elevation

evolution in the mid cross-section.

By neglecting the thermoelasticity, the maximum local temperature in the mid-cross section
gets in-phase with the maximum applied loading (Figure 5-37b). However, the temperature
cycles are dissymmetric, showing more intense heating than cooling stages. The resulting
steady state-temperature elevation, as in the elastic case, is zero, verifying that both the
latent heat and the sample shape do not contribute to the self-heating behavior of the
material. We observe as well that the temperature elevation keeps concentrated within the
groove zone of the sample (Figure 5-37a); therefore, the temperature of the the constant

cross-section parts of the sample oscillates homogeneously at low amplitudes.
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Single-Sided Amplitude Spectrum of 6(t)
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Figure 5-38 Frequency spectrum of the temperature elevation response in the mid cross-section of NiTi
hourglass-shaped sample under cyclic tensile loading, where the thermoelastic effect has been neglected.

The distortion of the temperature cycles is reflected in the Fourier spectrum in Figure
5-38 by the appearance of second and third harmonic peaks, similar as the experimental

results obtained upon self-heating measurements on NiTi.

5.4.5. Interaction between the thermoelastic effect and the

transformation latent heats

A third simulation was performed to evaluate the interaction between the thermoelasicity
and the latent heat absorption/release during cyclic B2&R transformations. The simulation

was carried out under the same conditions like in the latest two cases.

The introduction of the thermoelastic effect makes the amplitude of the temperature
response lower. As a result, the fundamental harmonic peak in the spectrum in Figure 5-41
sees a decrease of 0.17°C (same amplitude as in the thermoelastic spectrum in Figure 5-34).
On the other hand, the amplitudes of the second and third order harmonics remain constant.
In consequence of the decrease of temperature amplitude, the stress-strain response in the
mid-cross section of the sample (Figure 5-39) shows this time a smaller hysteresis compared

to the stress-strain curve presented in Figure 5-36.

The temperature elevations in the mid cross-section of the sample in Figure 5-40b shows
a double peak response, similar to the one presented in experiments at 80°C in Figure 5-16c¢.
The in-phase peak of temperature in Figure 5-40b appears between the B2—R onset stress
(~220MPa) and the maximum applied stress. As in the two cases presented before, the
interaction between thermoelasticity and transformation latent heats resulted in a mean
steady-state temperature elevation equal to zero; thus confirming once again that the
combination of hourglass geometry and multiplicity of reversible heat sources do not
contribute to the self-heating of the material.
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Figure 5-39 Simulated stress-strain response of an hourglass-shaped NiTi sample under cyclic tensile stresses

25mm

considering both the thermoelastic effect and the transformation latent heats.
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Figure 5-40 Simulated temperature response of NiTi hourglass-shaped sample under cyclic tensile stress

considering both the transformation latent and the thermoelasticity. a) Height-time-temperature diagram

showing the axial temperature distribution of the total length of the sample in the last 10 cycles of the

simulation. b) Temperature elevation evolution in the mid cross-section.
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Figure 5-41 Frequency spectrum of the temperature elevation response in the mid cross-section of NiTi

hourglass-shaped sample under cyclic tensile loading, considering both the thermoelastic effect and the

transformation latent heats.
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5.5. Summary

The self-heating method results in a very attractive option for assessing dissipative
mechanisms on material samples subjected to cyclic stresses. The method was established
with the aim of providing a fast prediction tool of lifetimes of materials in the HCF regime.
It allows constituting fatigue models based on energy dissipation criteria, even for loadings
that from a macroscopic point of view exhibit linear elasticity. These models are based on
the knowledge of the heat sources and their relationship with fatigue damage upon repetitive
loading. In SMA alloys, since most of the fatigue works reported in the literature tackled the
Low Cycle Fatigue, there is a big gap of knowledge respecting the source of structural fatigue
under stresses lower than the onset of B19’ martensitic transformation. With the aim of
providing further information about the mechanisms leading to fatigue failure in the HCF
of NiTi alloys, we performed a series of self-heating measurements on hourglass-shaped
samples at 25°C, 40°C, and 80°C.

The resulting self-heating curves obtained at 40°C and 80°C showed practically no mean
temperature elevations under stresses lower than the B19’ martensitic transformation onset.
At 25°C, on the other hand, the mean temperature grows almost linearly with increasing the
maximum load. From the characteristic transformation temperatures of the material, we
deduced that the early self-heating of the sample tested at 25°C was related to low-stress
B2—R transformation. Moreover, the characteristic elbow of self-heating curves, which
allows the empiric assessment of the endurance limit of the material, was observed for all
three tested temperatures only once the material attained the stress needed for bl19’
transformation (i.e. beyond the HCF scope).

Attempting to boost the self-heating responses of the material at 40°C and 80°C, we carried
out self-heating measurements at higher loading frequencies. However, no significant
improvements were obtained after these tests. Only the material tested at 25°C exhibited an

increase of its self-heating response by increasing the loading frequency.

Since the temperature signal recorded at 40°C and 80°C were low, we decided to evaluate
the harmonic components of the stabilized temperature signal for each block of cycles
performed during self-heating measurements. Such an analysis is in principle more resilient
to noise. The harmonic amplitudes evolution with the maximum applied stress shows
interesting behaviors. For example, second order harmonic component evolution at 40°C
denotes an inflection point that coincides with the endurance limit of the material at this
temperature (~410MPa in Figure 5-21b). At 80°C, on the other hand, noise-free temperature

harmonic curves are obtained.

We tried to identify the origin of the observed phenomena by performing
thermomechanical simulations of NiTi hourglass-shaped samples. For this, we use the Sedlak
model presented in Chapter 3 together with an implicit finite difference solution of the heat
equation. The simulations allowed us to identify the impact of the B2—R transformation
latent heat and the thermoelastic coupling on the harmonic component amplitudes. We

evidenced that second and third harmonics appeared whenever the B2—R phase
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transformation regime is entered. However, further simulations are needed in order to
determine if the kinetics of the harmonic with applied stress is caused by a homogeneous
material response or by localized dissipative phenomena, which would justify the use of

multiscale modeling approaches.
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Conclusions

In this dissertation, we tackled the structural fatigue performance of superelastic NiTi
wires. We focused on the High Cycle Fatigue regime, which involves cyclic elastic loading of
austenite and stress-induced phase transformation into R-phase. We addressed this matter
using hourglass-shaped samples manufactured from commercial NiTi wires. This particular
approach, although very common among fatigue studies, has not been common to fatigue
studies of NiTi because it is difficult to machine the hourglass-shaped samples from small
NiTi components, as the ones used in biomedical applications. The smooth hourglass cross-
section reduction allows confining all transformation, deformation and fatigue processes into
a small volume in their mid-cross-section. Consequently, the shape of the samples prevents
the random transformation deformation localization occurring in polycrystalline NiTi wires,
which makes it difficult to interpret fatigue results gathered into S-N and Strain-N curves.
Therefore, the hourglass shape was thought to help perform more accurate fatigue tests and
provide an easier-to-interpret fatigue tests in the transition regime where the High Cycle
Fatigue drifts into Low Cycle Fatigue. Besides the shape of tested samples, a special
attention was paid to distinguish all possible transformation paths that usually occur in
commercially used NiTi wires depending on the stress and temperature. Namely, we
considered B2— R-phase, B2— B19’, and B2—R-phase— B19’.transformation paths that
we were selected by test temperature and maximum loading amplitude while the
microstructure was kept constant through a well-defined heat treatment of hourglass shaped
samples. Note that the heat treatment was selected so that the material preserved a high

degree of cold work hardening providing a stable superelastic response.

In the first part of this document, we analyzed the mechanical response of hourglass-
shaped samples through finite element simulations assuming elastic, plastic and superelastic
behaviors. This analysis was a key to an accurate interpretation of fatigue tests performed
on the hourglass-shaped samples. We concluded from the simulations results that upon the
B2—R transformation, the stress state of the material in the mid cross-section of hourglass
shaped samples remains in almost pure uniaxiality. In fact, when the B2—R phase
transformation is induced, the transformation acts as a stress reliever mechanism, which
causes a decrease in the stress concentration in the surface of the sample. In contrast, when
B2R—B19’ transformation is induced, the material in the mid cross-section experiences a
complex stress state, in part due to the significant cross-section reduction entailed by the

axial transformation strain. From X-ray diffraction analysis, we observe that the



Conclusions

transformation occurs instantaneously within a finite minimum volume right after the
nominal stress approaches the critical stress level. Interestingly, although the transformation
volumes spread out upon further loading, a significant volume fraction of austenite was
detected in the transformed volume. A working hypothesis is that this might be an effect of
the high hydrostatic pressure zone observed in the axis of the sample upon FEA simulations

of tensile loaded hourglass-shaped samples.

The fatigue study presented in Chapter 4, shed light on the role of the intermediate phase
transformation B2—R in the structural fatigue behavior of NiTi alloys. In this study, instead
of testing samples prepared through different heat treatments, we decided to control the
stress-induced microstructural processes in the material by modifying the temperature of the
tests. As a result, we could evaluate the role of the R-phase for a fixed microstructure. From
classic S-N curves, we observed that NiTi samples exhibiting R-phase transformation failed
sooner than NiTi subjected to elastic loading in austenite elastic state. The R-phase
transformation, on the other hand, shows a lower decrease in its fatigue endurance with
increasing mean stress compared to the austenite elasticity regime. In order to verify this
behavior, further fatigue testing at different stress ratios might be required. Note that it is
important to determine the effects of the mean stress in the structural fatigue of superelastic

NiTi, in order to construct reliable constant life diagrams.

From the fatigue fracture surface observations, we deduced that the very early stage of
crack propagation gives rise to a cleavage like mode of rupture, most probably occurring in
the austenite phase. Moreover, from high-resolution x-ray experiments, it was concluded
that even harsh fatigue cycling (1000 cycle at 80 °C, and max. stress of 880 MPa) in austenite
elasticity regime leads to no substantial changes in microstructure. Therefore, the failure
seems to proceed in a very localized manner. It seems to nucleate in localized sites near the
surface of the sample caused by the presence of surface defects and inclusions. Multiple crack
initiation sites merge after some cycles giving rise to a well-defined crack front, which acts
as a stress riser inducing B19’ martensitic transformation and plastic deformation as
evidenced through infrared thermography and the identification of fatigue striations in
fracture surfaces. During the propagation of the fatigue crack front, when the B19’ phase
transformation occurs in a significant volume around the crack tip, crack opening is
promoted, hence accelerating the fatigue failure of the material. In conclusion, the failure of
NiTi in the austenite elasticity regime is assisted and accelerated by the martensitic

transformation that is triggered at the crack front.

Finally, in the last Chapter of this document, we attempted to apply the self-heating
method for a rapid characterization the fatigue behavior of our NiTi samples. However, the
very low intensity of the temperature signals acquired by infrared means made it difficult to
construct suitable self-heating curves. As a result, we proposed an alternative methodology
based on the evaluation the fatigue limit by anaylizng cyclic temperature signals in the
frequency domain and the evolution of amplitudes of higher harmonics. The method is also
supported by simulation of the thermomechanical coupling in a discrete SMA model. Further

research is, however, necessary to approve the suggested links between the higher harmonics
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of the temperature signal and dissipated energy that is considered as responsible for fatigue
failure.
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Fatigue Structurelle de Fils Superélastiques de
NiTi
Résumé

Ce travail de these aborde les conditions et les mécanismes qui conduisent des fils superélastiques
de NiTi a la rupture sous chargement mécanique cyclique. Les alliages a mémoire de forme du
type NiTi présentent des propriétés thermomécaniques fonctionnelles comme la superélasticité et
I’effet de mémoire de forme simple et double, lesquels sont générées grace aux transformations de
phase martensitiques provoquées soit par un changement de la contrainte ou de la température.
Ces transformations de phase sont en principe des processus totalement réversibles et sans
endommagent. Cependant, lorsque le NiTi est soumis a des transformations de phase induites par
des contraintes cycliques, la performance en fatigue de l'alliage chute considérablement par
rapport au NiTi non-transformant. La plupart des courbes S-N de fatigue rapportant cette chute
ont été mesurées sur des fils NiTi & section constante dans lesquels les transformations
martensitiques se développent de fagon hétérogene par nucléation et propagation de bandes de
cisaillement. De plus, d'aprés notre expérience, des essais de fatigue sur des échantillons de fils a
section constante entrainent la rupture a l'intérieur des mors de la machine d'essai. Par
conséquent, les valeurs de contrainte-déformation rapportées dans les courbes S-N ne sont pas
nécessairement représentatives des conditions mécaniques critiques qui conduisent le matériau a
la rupture. Dans le but de mieux caractériser les performances en fatigue des fils NiTi, nous avons
effectué une série de tests de fatigue en traction-traction, tout en utilisant des échantillons sous
forme « diabolo ». La géométrie de ces échantillons nous a permis de confiner tous les processus
de transformation martensitique et de fatigue dans une volume utile bien définie. La
caractérisation du comportement thermomécanique de ces échantillons a été réalisée en combinant
plusieurs techniques expérimentales et d'analyse telles que la corrélation d'image numérique
(DIC), la thermographie infrarouge, la diffraction des rayons X & source synchrotron, la
microscopie optique, la microscopie électronique a balayage et 1'analyse par éléments finis. Une
attention particuliere a été portée a la performance de NiTi dans le régime a grande nombre de
cycles (HCF) dans laquelle le matériau présente un comportement élastique ou une transformation
de phase intermédiaire (appelée R-phase). Les résultats des tests de fatigue nous ont permis de
distinguer les étapes de nucléation et de propagation des fissures pendant la durée de vie totale
de nos échantillons. Afin de mieux comprendre les mécanismes qui conduisent a la nucléation des
fissures, nous avons appliqué la méthode de I'auto-échauffement, qui a démontré son efficacité
dans la prédiction de fatigue dans les cas des alliages d'aluminium et des alliages d'acier. Cette
méthode correle 1'élévation de température d'un échantillon soumis a différentes amplitudes de
charge cyclique avec des mécanismes de dissipation d'énergie. Ces mécanismes dissipatifs sont
apres associes a 'accumulation d’endommagement locale dans le matériau. La méthode d'auto-
échauffement a été réalisée en utilisant des mesures de champs thermiques des d'échantillons de

NiTi sous forme diabolo pendant de chargement cyclique.

Mot clés : NiTi, Alliages a Mémoire de Forme, Fatigue & Grande Nombre de Cycles (HCF),
Fatigue Structurelle, Auto-échauffement, Thermographie Infrarouge, R-phase






Structural Fatigue of Superelastic NiTi Wires

Abstract

This Ph.D. dissertation thesis addresses the conditions and mechanisms that lead
superelastic NiTi wires to fail under cyclic mechanical loads. NiTi shape memory alloys
exhibit functional thermomechanical properties (superelasticity, shape memory effect,
thermal actuation) due to martensitic phase transformations caused by a change of the
applied stress and temperature. These phase transformations are though as fully reversible
damage-free processes, however, when NiTi is subjected to repetitive stress-induced phase
transformations its fatigue performance drops drastically in comparison to non-transforming
NiTi. Most of fatigue S-N curves reporting this drop were measured on straight NiTi wires
in which martensitic transformations proceed heterogeneously through nucleation and
propagation of shear bands. Moreover, from our experience fatigue testing straight wire
samples results in undesired failure inside the testing machine clamps. Hence, the reported
stress-strain values in S-N curves are not necessarily representative of the critical mechanical
conditions that lead the material to failure. With the aim of better characterize the fatigue
performance of NiTi wires, we started by carrying out a series of pull-pull fatigue tests using
hourglass-shaped samples. This sample geometry allowed us to confine all martensitic
transformation and related material fatigue processes into a well-defined gauge volume. The
samples’ characterization was performed by combining several experimental and analysis
techniques such as Digital Image Correlation, Infrared Thermography, Synchrotron-source
X-ray diffraction, Optical Microscopy, Scanning Electron Microscopy and Finite Element
Analysis. A special attention was paid to the High Cycle Fatigue (HCF) performance of NiTi
in which the material shows elastic behavior and/or an intermediate phase transformation
(so-called R-phase). The results from HCF tests allowed us to distinguish crack nucleation
and crack propagation stages during the total life of our NiTi samples. In order to get a
better understanding of the mechanisms that lead to crack nucleation, we applied the non-
conventional Self-Heating fatigue assessment method, which has shown efficiency in the case
of aluminum and steel alloys. This method correlates the temperature elevation of a sample
subjected to different cyclic load amplitudes with energy dissipating mechanisms that
contribute to accumulating local damage in the material. The Self-Heating method was
performed using full-field thermal measurements of cyclically loaded NiTi hourglass-shaped
samples.

Keywords: NiTi, Shape Memory Alloys, High Cycle Fatigue, Structural Fatigue, Self-
heating, Infrared Thermography, R-phase.



