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RESUME

Les tubes a paroi mince en alliage & mémoire de forme Nickel-Titane (AMF NiTi) sont
largement utilisés dans la fabrication de stents auto-expansibles. Le fonctionnement des
stents repose sur la superélasticité (SE), comme de nombreuses autres applications des
AMF NiTi dans le domaine biomédical. Le SE est un phénomene cristallographique
réversible qui donne aux AMF la capacité de récupérer de grandes déformations par
simple déchargement mécanique. FEn raison de la nature cristallographique du SE, les
propriétés mécaniques liées a cet effet devraient étre affectées par I'anisotropie inhérente
du tube, qui émerge de son processus de fabrication. Cependant, le NiTi est encore sou-
vent considéré comme isotrope dans la conception et I'optimisation de tels dispositifs.
L’une des difficultés empéchant 'utilisation de modeles anisotropes est ’absence de car-
actérisations mécanique de I'anisotropie du tube NiTi. Le présent travail vise a effectuer
une telle caractérisation pour un tube superélastique NiTi a paroi mince. Dans une cam-
pagne expérimentale, le comportement en traction du tube est analysé a différentes ori-
entations et températures. La technique de corrélation d’image numérique (digital image
correlation - DIC) est utilisée pour surveiller la distribution des déformations pendant les
essais de traction. Les résultats montrent que toutes les propriétés analysées liées a la SE
sont anisotropes. Toutes les dépendances d’orientation sont presque symétriques par rap-
port a la direction 45° de I’axe du tube. Certaines propriétés dépendent également de la
température, dépendance qui est également anisotrope. Une approche thermodynamique
basée sur I’énergie libre de Gibbs est utilisée pour analyser ces dépendances d’orientation
et de température. Avec cette analyse, il a été possible de relier I’hystérésis mécanique
de la SE et les contributions irréversibles présentes dans le systeme. Enfin, I'influence
de 'anisotropie sur la distribution des déformations est analysée. L’accent est mis sur
I’analyse du phénomene de localisation de la déformation tout au long du chargement
et du déchargement. L’inclinaison de la bande de localisation est caractérisée et évaluée
avec une approche de plasticité. L’angle de la bande avant observé avec DIC est prédit
en utilisant des données de vitesse de déformation données de vitesse de déformation
calculées a partir des courbes contrainte-déformation.

Mots-clés: alliages a mémoire de forme, superélasticité, tube Nickel-Titane, anisotropie,
comportement en traction.
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ABSTRACT

Thin walled tubes of Nickel-Titanium shape memory alloys (NiTi SMA) are widely used
in the fabrication of self-expandable stents. The operation of stents relies on the supere-
lastic effect (SE), as many other applications of NiTi SMA in the biomedical field. The
SE is a reversible crystallographic phenomenon that gives SMA the ability to recover
large strains through simple unload. Due to the crystallographic nature of the SE, the
mechanical properties related to this effect are expected to be affected by the inherent
anisotropy of the tube, which emerges from its fabrication process. However, NiTi is
still often treated as isotropic in the design and optimization of such devices. One of
the difficulties preventing the use of anisotropic models is a lack of mechanical char-
acterizations about the NiTi tube anisotropy. The present work aims to perform such
characterization for a thin walled NiTi superelastic tube. In an experimental campaign,
the tensile behaviour of the tube is analysed at different orientations and temperatures.
Digital Image Correlation (DIC) technique is used to monitor the strain distribution
during tensile tests. Results show that all the analysed properties related with SE are
anisotropic. All the orientation dependencies are nearly symmetrical with respect to 45°
from the tube axis. Some properties are also dependent on temperature, a dependence
that is also anisotropic. A thermodynamic approach based on the Gibbs free energy is
used to analyse these orientation and temperature dependencies. With this analysis it
was possible to relate the SE stress hysteresis and thermodynamic irreversible energy
contributions. Finally, the influence of anisotropy on the strain distribution of tensile
samples is verified. Focus is given to the analysis of the strain localization phenomenon
throughout loading and unloading. The inclination of the localization front band is char-
acterized and evaluated with a plasticity approach. The front angle observed with DIC
is predicted using strain rate data calculated from stress-strain curves.

Keywords: shape memory alloys, superelasticity, Nickel-Titanium tube, anisotropy,
tensile behaviour.
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GENERAL INTRODUCTION

Shape Memory Alloys (SMA) have a unique thermomechanical behaviour due to
a reversible martensitic phase transformation. One of the manifestations of this crys-
tallographic phenomenon is the superelastic effect, in which large deformations are
recovered by simple mechanical unload. This behaviour greatly differs from that of
usual metallic alloys, whose range of reversible strain is 40 times smaller. Among other
exceptional properties, this high added functional value justifies the use of SMA in many
applications, despite their higher cost.

SMA applications are disseminated in areas as diverse as aeronautics, automotive,
robotics and biomedical engineering. In many of these applications focus is given to
Nickel-Titanium alloys (NiTi). This alloy particularly fulfils the biocompatibility re-
quirements for biomedical applications.

One of the most successful applications of NiTi SMA in the biomedical field are self-
expandable stents, which are mainly manufactured from NiTi thin walled medical
tubes. These tubes are obtained from a succession of thermomechanical operations
involving great amounts of cold working. This processing makes the material highly
textured, ultimately causing a strong anisotropic behaviour.

Nevertheless, the material is still often treated as isotropic in the design and modelling
of devices. This choice is either made as a simplification or for unfamiliarity with the
orientation dependence of its properties. In certain circumstances, however, such a choice
can be an oversimplification and has critical consequences.

The influence of anisotropy can be illustrated in the case of the fabrication process
of NiTi self-expandable stents. This device can either be manufactured from tubes with
a small diameter or from tubes with a diameter near the final desired dimension of the
stent (Favier et al., 2006; Poncin and Proft, 2003), as shown in Fig. 1. In the first
manufacturing route, the struts of the stent are cut aligned with the drawing direction
of the tube, in a so called “closed configuration”. The final dimension is then achieved
through a shape setting with multiple steps. In the second manufacturing route the struts
of the stent are cut oriented at an orientation # from the drawing direction, in an “opened
configuration”. Both manufacturing routes lead to stents with identical geometries.
However, due to the anisotropy of the tube, these stents have different thermomechanical
behaviours because of the different alignments of the struts immediately after the cutting
step. In order to better control the mechanical behaviour of the stent — and of any device
manufactured from anisotropic NiTi alloys — the orientation dependence of the material
must be understood. Otherwise, progress on design and optimization stays limited.

In SMA, all phenomena related with phase transformation might be affected by
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x x x x T
_______________________ S p— ¢
e S T s e

Small diameter tube Closed configuration Shape setting

(constricted pattern (multiple steps of expansion)
cut by laser)

Big diameter tube Opened configuration Ageing to final
(final pattern cut by laser) properties

Figure 1: Two possibilities of manufacturing processes of self expandable stents (Adapted
from Favier et al., 2006).

the existence of a texture. This includes transformation strain and stress, Clausius-
Clapeyron coefficient and mechanical hysteresis, as well as the strain distribution in
NiTi SMA, which generally experience localization phenomenon under tension. This
knowledge can be implemented in simulations and help to optimize and even tailor the
mechanical behaviour of a desired device.

In this context, the general objective of this thesis is to characterize and analyse the
anisotropic mechanical behaviour of a NiTi SMA, particularly of medical superelastic
NiTi thin walled tubes. To that end, an experimental characterization was carried out.
It consisted in producing oriented tensile samples from the flattened tube and monitoring
their tensile behaviour using Digital Image Correlation (DIC). Samples at different ori-
entations were tested at different temperatures, so that the temperature dependence (or
lack thereof) could be studied. Thus, this manuscript is organized in four main chapters.

Chapter one aims to present a bibliography on NiTi SMA behaviour to prepare
the reader for the subsequent chapters. Starting with generalities, it introduces main
properties, the superelasticity and the shape memory effect, as well as some NiTi medical
applications. Then, the chapter presents a state of the art about experimental observa-
tions of anisotropic behaviour and strain localization in NiTi alloys. The final part of this
chapter presents the theoretical approaches often used for modelling the thermodynamic
behaviour and localization phenomenon in NiTi SMA.

Chapter two explains all the experimental aspects of the work. It presents the
details of the experimental campaign and justifies the choices made regarding the sample
preparation and experiments.

Chapter three analyses the global tensile behaviour of the oriented samples. It
discusses the anisotropy influence on important SMA properties. Through a thermo-
dynamic analysis based on the approach discussed in the first chapter, thermodynamic
properties and its dependence on orientation are quantified. The temperature depen-
dence of the anisotropic behaviour is then analysed. This chapter is written in the form
of a journal article. Because of that it contains brief descriptions of the experimental
campaign and the thermodynamic approach.

Chapter four explores how the tube anisotropy affects the strain localization phe-
nomenon of the NiTi alloy, monitored with DIC technique during tensile test. The ori-
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entation dependence of the transformation band angle from the tube drawing direction
is analysed. The evolution of the band angle throughout loading and unloading is also
examined. A plasticity theory (Hill, 1948, 1952) is then used to predict the orientation
dependence of the band angle.
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1.1 Introduction

This chapter aims to give the context for the thesis work and for the analyses that
will be performed in subsequent chapters. It presents a state of the art about relevant
experimental observations, as well as introduces the theories that will give support to
the discussion of results.

The chapter is divided in three main parts:

e Section 1.2 presents thermomechanical aspects of Shape Memory Alloys (SMA),
their main properties and phenomenology. Focus is given to the NiTi alloy fam-
ily, which is widely used on industrial scale, mainly in the fabrication of medical
devices. This first part ends with an overview of the most consolidated medical
applications of NiTi SMA.

e A state of the art about measurements concerning anisotropy (Section 1.3) and
strain localization (Section 1.4). In Section 1.3, both crystallographic and me-
chanical aspects are discussed. Literature reports are reviewed, firstly for single
crystals and then for polycrystalline NiTi alloys. The repercussions on mechanical
behaviour are discussed for both cases. Section 1.4 starts presenting the phe-
nomenological conditions for the occurrence of localization in SMA. Experimental
observations are then discussed and the section ends with a synthesis of the tech-
niques that have been used to observe and measure the phenomenon.

e An introduction to the theoretical approaches used in the analyses of results of
the third and fourth chapters. Starting with the thermodynamics of phase trans-
formation in Section 1.5, the material is considered as a thermodynamic system
and the equations for the phase transformation are developed. Lastly, Section 1.6
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examines the mechanics of strain localization described by plasticity theory. In
particular, the theories for Liiders deformation mode (LDM) and localized necking
are discussed, which are the ones generally applied for the analysis of localization
in NiTi SMA.

1.2 Shape Memory Alloys

Shape Memory Alloys are a distinct class of active materials that respond to thermo-
mechanical stimuli by recovering their shape, even under high applied loads. This phe-
nomenon happens due to a thermoelastic martensitic transformation between two solid
metallic phases: austenite and martensite. The microstructure transition that relates
both crystallographic phases is a diffusionless phenomenon. It is, therefore, reversible
due to its shear distortion nature, where atoms merely move from their original positions
through a twinning mechanism.

Austenite, martensite and the thermoelastic martensitic transformation

The phase transformation can be triggered either by thermal or mechanical energy. Thus,
the behaviour of SMA is dependent on the relation between temperature, stress and
strain. Figure 1.1 shows schematically the crystallographic interactions of austenite and
martensite phases in three Cartesian axes expressing temperature, uniaxial tensile stress
and strain.

E Austenite

@ Twinned Martensite

ﬁ Detwinned Martensite

T

Figure 1.1: Temperature (T) - stress (o) - strain (¢) space showing the regions where austenite
and martensite phases are stable.

When subjected to a temperature variation in the absence of stress, the SMA ex-
periences a thermally induced phase transformation. It occurs between austenite and
a twinned martensite phase (also called self-accommodated). This is illustrated in Fig.
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1.1 between points d and a, respectively. In this case, no macroscopical shape change is
perceived.

When a tensile stress/strain is involved in the transformation, another type of marten-
site oocurs: a detwinned martensite, aligned with the stress/strain main axis. According
to Fig. 1.1, austenite is stable at high temperatures/low stresses. Martensite is stable
at low temperatures and at high temperatures/high stresses.

The notion of high and low temperature is relative to the temperature range whose
limits mark the start and finish of the thermally induced phase transformation. They
are M, and My for start and finish of forward transformation (Austenite — Martensite),
and Ay and Ay for start and finish of reverse transformation (Martensite — Austen-
ite). Thus, martensite is stable at temperatures lower than M/ in the absence of stress.
Austenite, in turn, is stable when the alloy is both above A; and at low stresses.

Superelasticity and Shape Memory Effect

It is the shape change associated with the application of a mechanical loading that mo-
tivates interest in SMA. Two thermomechanical behaviours are particularly interesting
for engineering applications: the Shape Memory Effect (SME) and the Superelasticity
(SE).

If the SMA is mechanically loaded in the austenitic state (T > Ay) the Superelas-
ticity takes place. In this situation the cubic crystals transform directly into detwinned
martensite through a stress induced martensitic transformation (SIMT). Because the
material is already above Af, where austenite is stable under low stress, the simple
unloading ensures the total recovery of deformation, with no need for heating. In Fig-
ure 1.1 a complete superelastic cycle occurs in the sequence d-e-d. Figure 1.2a shows
schematically a typical superelastic tensile stress-strain curve.

Superelasticity

Shape memory effect

Figure 1.2: Typical thermomechanical tensile behaviour during SMA (a) a superelasticity
cycle (also d-e-d in Fig. 1.1) and (b) a shape memory effect cycle (also a-b-c-d-a in Fig. 1.1).

On the other hand, if the SMA is mechanically loaded in the martensite state the
self-accommodated structure becomes oriented (detwinning process, from a to b in Fig.
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1.1), which requires lower stress levels compared to the SIMT. When the mechanical load
is released, the crystallographic structure preserves the oriented configuration and hence
the macroscopic deformation (from b to ¢ in Fig. 1.1). At this point, when the material
is heated above Ay, the martensite crystals transform into austenite and the macroscopic
deformation is recovered (from ¢ to d in Fig. 1.1). This phenomenon is called Shape
Memory Effect. A typical SME tensile stress-strain behaviour is illustrated in Figure
1.2b.

Any mechanical loading between M; and Ay will result in a mixed behaviour between
SME and SE. The residual deformation is partially recovered by unloading and partially
recovered by subsequent heating above A;. If deformed at a high enough tempera-
ture the alloy experiments slip and some permanent deformation occurs after unloading
(Miyazaki et al., 1982; Otsuka and Wayman, 1998).

1.2.1 Thermomechanical characterization

In the absence of mechanical load

From a practical point of view, the most important characteristic of SMA are their
phase transformation temperatures. They define the regions in the temperature-
stress-strain space where the SME and SE take place.

These temperatures are generally defined during a phase transformation in the ab-
sence of mechanical loading, through a temperature sweep. The most popular technique
used is Differential Scanning Calorimetry (DSC), which measures the heat released and
absorbed during the forward and reverse transformations, respectively. Figure 1.3 shows
schematically a DSC result.

0.95 -] @ @
% 0.85 1 _ Toimed matesie AHM=A
; ” As Ay
2 0.75
o Mf Mg P
- <
S 0.65 AHAM
2 i

0.55 1 Twinned martensi ite hustentie

T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120

Temperature (°C)

Figure 1.3: Scheme of differential scanning calorimetry (DSC) of a NiTi alloy using tangent
lines for the extraction of phase transformation temperatures (adapted from Lagoudas, 2008).

The principle of this technique is that in order to maintain a constant temperature
rate during the temperature sweep, the heat flow has to be adjusted during a phase
transformation. Hence, heat flow peaks are measured. The area inside the peaks are
equivalent to the amount of heat released or absorbed in each transformation, equivalent
to the enthalpy variation AH between phases. Then, the start and finish transformation
temperatures are defined using tangent lines between peaks and baselines.
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There are other material properties that present measurable variations during a SMA
phase transformation. The electric resistance is one example and is also used to iden-
tify transformation temperatures (Brill et al., 1991; Kato and Sasaki, 2013; Miyazaki
and Otsuka, 1986). The storage modulus, whose variation can be measured during a
Dynamic Mechanical Analysis (DMA), is another example (Alonso, 2015; Zhang et al.,
2005).

In the presence of mechanical load

The transformation properties that matter the most for the superelasticity are the phase
transformation stresses. Analogously to the transformation temperatures, there are
four transformation stresses: o™ and o™ for start and finish of forward transformation
(Austenite — Martensite); o* and o4/ for start and finish of reverse transformation
(Martensite — Austenite).

They are usually determined by tracing tangent lines over the superelastic curve, as
demonstrated in Fig. 1.4a. This figure also shows schematically the relation between
these transformation stresses and temperature. There is a linear dependence, which is
defined by the Clausius-Clapeyron equation (more details in section 1.5).

The Clausius-Clapeyron coefficient is another important property for engineering
applications of superelastic SMA. Figure 1.4b shows schematically the role played by the
Clausius-Clapeyron coefficient C4~ on the conditions for SE and SME to happen. The
line with positive slope represents the linear relation between o and temperature. This
slope is the Clausius-Clapeyron coefficient for the start of the forward transformation.

As explained by Otsuka and Wayman (1998), the SME takes place below Ay with
subsequent heating above A;. SE occurs without the need of temperature variation, at
temperatures above Ay. Between A; and Ay both SME and SE occur partially. The line
with negative slope mark the critical stress for slip, above which permanent deformation
occurs. My is the critical temperature from which plastic deformation occurs before the
SIMT (Miyazaki et al., 1981; Shaw and Kyriakides, 1995).

1.2.2 NiTi alloys

Among the most promising SMA compositions, NiTi is the one presenting the most
favourable conditions for engineering applications and industrial scale production. These
conditions include high specific actuation density (Lagoudas, 2008) and thermomechan-
ical properties that are stable over time. For that reason the majority of researches
concerning SMA behaviour focus on NiTi based alloys.

Ni1T1 balance

The shape memory NiTi alloys only exist near the equiatomic compositions. The amount
of Ni in the matrix is determinant for the phase transformation temperatures. The more
Ni in the composition, the lower the phase transformation temperatures. For example,
while the equiatomic alloy (Ti-50at.%Ni) presents an Ay = 120°C, a Ti-51lat.%Ni alloy
presents an Ay = —40°C (Otsuka and Wayman, 1998).

Ni-rich alloys (with Ni composition above 50% at.) are sensitive to ageing treatments
(Otsuka and Wayman, 1998), allowing to adjust their thermomechanical properties after
manufacturing. The excess of Ni in the stoichiometric composition favours the forma-
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Critica| Stress for slip

Stress (o)
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T
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Figure 1.4: (a) Example of extraction of phase transformation stresses from superelastic
curve and schematic dependence on temperature of superelastic behaviour. (b) Role played by
Clausius-Clapeyron coefficient (C’AﬁM ), transformation temperatures and critical slip stress on
the conditions for existence of superelasticity (SE) and shape memory effect (SME) (adapted
from Otsuka and Shimizu, 1986).

tion of Ni-rich precipitates during heat treatment. The precipitates do not transform,
and thus do not contribute to the SMA effects, but they change the NiTi ratio, which
consequently affects the transformation temperatures (Dennis and Tu, 2008).

Crystallographic structure and the R-phase

In NiTi alloys the austenite phase is body-centered cubic and is also referred to as B2
phase. Martensite is monoclinic and also referred to as B19’. A triclinic metastable
martensite phase also occurs, known as the R-phase. It occurs as an intermediate trans-
formation between Austenite <+ Martensite transformations. Figure 1.5 shows examples
of the presence of R-phase transformation.

Q 87 Specimen Wt =150 mg a 0 8009 T =10°C (R-phase) b
(Mcal Scan rate = 10 °C/min (MPa) M <T<A
/sec) 1 f f

600 |

R-phase reorientation

200

Martensite R-phase Austenite
o T T T T T T T ] o T T T T T T T 1
-100 -80 -60 -40 -20 o 20 40 60 80 100 o 1 2 3 4 5 6 7 8

- T(°C) - (%)

Figure 1.5: (a) DSC thermogram of a NiTi alloy with a very distinguishable R-phase peak
during cooling. (b) Mechanical response of the NiTi alloy when the R-phase is the the starting
microstructure and its reorientation takes place. (adapted from Shaw and Kyriakides, 1995)

Figure 1.5a shows a DSC result where the R-phase presence is recognizable either by
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the small temperature hysteresis, which can be as small as 1.5°C (Duerig et al., 1990), and
by the enthalpy variation, which is typically smaller than 6 J/g (Reedlunn et al., 2014;
Schlosser, 2008). The direct phase transformation between martensite and austenite in
NiTi alloys has temperature hysteresis ranging between 25°C and 40°C (Stoeckel, 1995)
and enthalpy variation around from 19-32 J/g (Meschel et al., 2011; Otubo et al., 2008).

Figure 1.5b shows a typical tensile stress-strain curve with the R-phase being the
starting microstructure. In this case, R-phase reorientation happens prior to B19’
martensite reorientation, causing a macroscopic deformation of about 1% in tension
(Duerig et al., 1990; Sittner et al., 2006).

The occurrence of the R-phase is related to certain conditions such as high Ni content,
annealing at low temperature immediately after cold work and thermal cycling (Miyazaki
and Otsuka, 1986). On the other hand, it generally vanishes after heat treatments at
high temperatures (Lagoudas, 2008). The NiTi alloy can experience a certain number of
types of transformation involving these three phases. The starting and resulting phases
will depend on the alloy transformation temperatures and on its thermomechanical load-
ing history.

Thermomechanical processing: shape setting

The manufacturing process of NiTi superelastic devices very often includes a step called
shape setting. It consists of a heat treatment under mechanical confinement whose
objective is to create a new desired shape (create a coil spring from a wire, for example)
or to change the original dimensions.

The shape setting parameters (temperature and time) are chosen so that minimum
changes in the original thermomechanical behaviour occur. For effective shape settings in
Ni-rich SMA compositions, it has been shown that temperatures should be chosen around
450-550°C with durations of the order of 10 minutes (Liu et al., 2008). Moreover, it has
been shown that shape settings only provoke minor differences between as-received and
shape set materials. The reported differences in the alloy transient response, transfor-
mation strain and unrecovered strain are very small (Benafan et al., 2013).

1.2.3 Suitability for medical applications

NiTi SMA are very suitable for biomedical applications due to their mechanical be-
haviour and biocompatibility. Compared to classic metals like stainless steel, NiTi SMA
mechanical behaviour is a lot closer to human body tissues and organs, which avoids
overstraining of the treated zone (see Fig. 1.6).

Its biocompatibility, i.e. its capacity to remain non toxic while in direct contact
with human tissues, has been proved (Ryhénen et al., 1997, 1998). Although nickel
itself is toxic to the human body, titanium is not. In order to avoid Ni toxicity, NiTi
alloys are coated with Ti components like TiOs, which increases corrosion resistance and
preserves biocompatibility (Aun et al., 2016a,b; Huang et al., 2014). Other coatings such
as TiN or TiCN are also good in improving NiTi corrosion resistance (Lagoudas, 2008).
Furthermore, NiTi implants are easily detected by Magnetic Resonance Imaging (MRI),
providing clear crisp images which facilitates the device monitoring (Duerig et al., 1999).

However, if NiTi SMA are popular in medical applications it is undoubtedly due to
the superelasticity and shape memory effect. The superelasticity is a valuable feature
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Figure 1.6: Comparison of mechanical behaviour of NiTi, stainless steel and human tissues.
(Jani et al., 2014)

during medical treatment because its thermomechanical behaviour approaches that of
human tissues. The stress plateau implies the application of a nearly constant force in
a large deformation range. This means that the implant will not deform plastically and
will be able to maintain its form and strength throughout the treatment. It is also an
advantage that the level of force applied during the stress plateau can be designed to
match the tissue stiffness, so that the implant will not damage the tissue with excessive
strength. The shape memory effect, when employed, is mostly used in the implantation
of the device. In this case, the alloy is tailored so that its Ay is slightly above room
temperature and below the body temperature.

One of the most successful superelastic implants are the self-expanding stents (Fig.
1.7). These structures treat obstructions in the transport of body fluids. They are
tubular meshes placed inside cylindrical passages such as the oesophagus, biliary duct
and most importantly blood vessels. Stents act as scaffolds, pushing against the internal
walls of the conduit or vessel to re-open the obstructed area. They are also implanted
with the aid of a catheter, however making use of the superelasticity. They typically
expand 3 to 8 times the catheter diameter upon the catheter releasing (Duerig et al.,
1999). They are manufactured mainly from tubes cut through laser and are a very good

Figure 1.7: Examples of NiTi superelastic stents: (a) U-flex model from Andramed, (b)
Stentys model from the homologous company, (¢) a small diameter stent cut with Sigma Fem-
tosecond Laser Tube cutting system from Miyachi America Corporation.
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example of how medical and engineering applications of SMA can still evolve together
with manufacturing technologies.

1.3 Experimental observations of anisotropy in NiTi
SMA

Anisotropic materials behave differently when loaded in different directions. In metal-
lic alloys, this condition is primarily caused by crystallographic texture (Sowerby and
Johnson, 1975), mainly as result of manufacturing processes in polycrystalline materi-
als. Because of that cause-and-effect relationship, many anisotropy investigations rely
on texture analyses. The basics of crystallographic texture and its representation are
explained in Appendix A.

The global behaviour of polycrystalline alloys approaches the behaviour of single
crystals oriented in the dominant texture. In this manner, the local deformation mech-
anisms occurring in single crystals is very helpful to the understanding of the behaviour
in textured polycrystalline alloys. Taking this into account, this section is divided in two
parts: single crystals and polycrystalline NiTi.

1.3.1 Single crystals

Studies concerning the anisotropy of NiTi single crystals generally consist in experiment-
ing in the (100), (110) and (111) cubic crystal family directions. These directions are
illustrated in Fig. 1.8. Then, the differences of mechanical behaviour between these
orientations are discussed. The discussions are presented regarding both global mechan-
ical behaviour, related with stress-strain curves, and local behaviour, with microscope
observations.

[110]

Figure 1.8: Main directions in the cubic crystallographic system.

1.3.1.1 Orientation dependence of global mechanical behaviour

It has been shown that the tensile stress-strain curves of NiTi single crystals differ
significantly when loaded along its [111], [110] or [100] direction. Under tension, Gall
et al. (1999) showed that in a Ti-50.8at.%Ni alloy under tension the [100] orientation
has a much smaller recoverable strain compared to [110] and [111] (see Fig. 1.9). In
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the [100] direction the transformation starts at a higher stress level and with significant
hardening and brittle fracture when excessively loaded. On the other hand, [110] and
[111] directions start to transform at lower stress levels and the transformation was
accompanied by a distinct stress plateau.
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Figure 1.9: Uniaxial behavior of NiTi [100], [110], and [111] NiT1i single crystals (From Gall
et al., 1999).

Because of their distinct tension behaviour, in the literature the [100] direction is
sometimes referred to as “hard” and [111] as “soft”. The behaviour of [110] is somewhat
between both, but with a behaviour closer to the softer one.

The overall compression behaviour was somewhat opposite to the observed under
tension. The crystals oriented at [100] showed low transformation stress level, stress
plateau and large recoverable strain. Meanwhile, the crystals at [110] and [111] show
more hardening and smaller recoverable strains compared to tension.

1.3.1.2 Orientation dependence of recoverable strain

Miyazaki et al. (1984) was one of the first to show that total recoverable strain is not
equal the plateau strain (Liiders strain) in tensile tests of NiTi alloys. Using Fig. 1.10
as example, the authors show that tensile strain totally recovers upon heating if the
specimen is strained until the end of stage II.
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Figure 1.10: Example of stress-strain curve from a NiTi single crystal. The recoverable strain
is measured after upon heating after straining the specimen by the end of stage 1T ((Miyazaki
et al., 1984)).

This method was used to measure the recoverable strain in Ti - 50.5 at.% Ni sin-
gle crystals submitted to tensile tests in seven orientations. These measurements were
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compared with recoverable strain values calculated from phenomenological theory. Fig-
ure 1.11 shows in the inverse pole figure the orientation dependence map of recoverable
strain.

010 [cal.()

001 (011)
Figure 1.11: Inverse pole figure showing the orientation dependence of the recoverable strain
of solution-treated single crystals (parenthesis) and calculated values (contour lines) (From
Miyazaki et al., 1984).

As it can be seen, the maximum recoverable strains are achieved by crystals in the
(111) gy directions, while the minimum strains are achieved by the (001)p, directions.
The values in the (011) o direction are intermediate between the two extremes, but are
indeed closer to (111)ps.

1.3.1.3 Influence of precipitates on orientation dependence of recoverable
strain

Another important analysis performed in both aforementioned works was the influence
of precipitates on recoverable strain orientation dependence. The presence of coherent or
semi-coherent Ni-rich precipitates in a single crystal of a given direction can significantly
change its mechanical response. Gall et al. (1999), Gall et al. (1998) and Miyazaki et al.
(1984) observed and studied the mechanical behaviour of NiTi single crystals submitted
to solution heat treatment (resulting in the absence of precipitates) and ageing heat
treatment (resulting in the presence of precipitates). These precipitates do not undergo
phase transformation and inhibit detwinning, therefore not contributing to the mea-
sured transformation strain. The overall observation is that the presence of precipitates
decreases the orientation dependence of the critical transformation stress and strains.

Figure 1.12 shows the theoretical and measured recoverable strains from solutionized
and aged single crystals by Miyazaki et al. (1984). The theoretical values are calculated
from a phenomenological theory including detwinning strain and thus account for the
maximum theoretical recoverable strain.

Confronting these results it was concluded that the precipitates resistance to transfor-
mation in the aged material leaves behind untransformed zones, consequently reducing
the recoverable strain. The solution treated specimens, however, reach strain values that
are very close to the theoretical ones, suggesting that the material fully transformed.
Hence, the presence of precipitates reduced the orientation dependence of the recover-
able strain due to incomplete transformation.
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Figure 1.12: (a) Single crystal tension orientations studied by Miyazaki et al. (1984). (b)
Comparison of measured recoverable strains from solution and aged treated materials with max-
imum strain values calculated from phenomenological theory (Plotted with data from Miyazaki
et al., 1984).

1.3.1.4 Orientation dependence of microscopic deformation mechanism

The local behaviour and deformation mechanisms of [100] and [111] directions under
tension were studied by Creuziger et al. (2008). The single crystal tensile samples were
monitored by an optical metallurgical microscope with differential interference contrast
microscopy. With this technique, any change in the sample surface tilt appears as a
change in the surface color, and thus phase transformation is detected from the austenite
polished surface.

Figure 1.13 shows micrographs of the samples before, during and after tensile loading.
The structural differences between the surface of samples in both directions was already
evident prior to loading. The surface of the [100] orientation was very uneven compared
to [111] sample surface.

With subsequent loading, both orientations showed very distinct transformational
behaviours. The rougher surface of the [100] crystal was intensified upon loading, while
in the smoother [111] surface martensite bands grew into the austenite phase, along with
a strain localization band (see Fig. 1.13b for both [100] and [111]).

Uniaxial notched dogbone samples were also observed for fracture observation. In
these samples the transformational and fracture behaviours were also very different for
both directions. In the notched [100] sample transformation distinctly started on the
notch tip and propagated perpendicularly through the material. With further loading,
cracks started on the notch tip and grew in the notch direction in a stable manner with
minor crack kinking. In the [111] notched crystal a transformation zone only became
distinct after substantial loading. This zone propagated from the notch tip in a direction
around 25° from the notch direction in an almost symmetrical manner. The crack grew
from the notch tip with substantial kinking and in an unstable fashion (see Fig. 1.13e
for both [100] and [111]).

Creuziger et al. (2008) rationalise this difference in the crack propagation from an
energy point of view. While in the [111] sample the transformation evolves mainly in
the direction of the crack growth, providing more energy to its propagation, in the [100]
sample the transformation occurs far from the crack growth path and some of the energy
is dissipated.
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Figure 1.13: [100] orientation: (a) Surface of unloaded crystal. (b) Crystal during phase
transformation, loaded at 920 N. (c) Notched sample with transforming zone perpendicular
to the notch direction. (d) Notched sample with stable propagating crack. (e) Crack in the
notched sample. [111] orientation: (a) Loaded crystal showing martensite bands propagating
on the smooth austenite surface. (b) Transformation propagating in the form of a Liiders band.
(¢) Notched sample loaded at 127 N showing micro transformed zones ahead of notch tip in
the form of small strips. (d) Transformed zone ahead of notch tip immediately prior to crack
appearance. (e) Crack in the notched sample. (adapted from Creuziger et al., 2008).

1.3.2 Polycrystalline NiTi

Texture in polycrystalline alloys is created during metal forming processes such as draw-
ing and rolling. An intuitive and correct assumption is that the amount of plastic
deformation imposed in the manufacturing process is one key factor in the texture cre-
ation. Because NiTi alloys are often used for the fabrication of devices that have small
dimensions, thin walled tubes, small diameter wires and thin plates are needed, causing
polycrystalline NiTi alloys to be very textured.

Robertson et al. (2006) investigated the resulting texture of various NiTi product
forms. The authors tested NiTi tubes, sheets and rods with different diameters and
observed that all forms have very distinct textures, even rods with different diameters
(16 mm and 41 mm). These different textures cause different types of anisotropic be-
haviour. Furthermore, the authors investigated the influence of heat treatments on the
resulting texture of all forms. They have found out that the heat treatments not only do
not erase the pre-existing texture, but intensify it. Other works show this same relation
between texture and heat treatments. (Adharapurapu et al., 2010; Inoue et al., 1996).
These results show that texture is indeed created during the early stages of manufactur-
ing processes.
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1.3.2.1 Anisotropy in NiTi sheets

A good number of investigations about the anisotropic mechanical behaviour of NiTi
sheets can be found in literature. The works of Inoue et al. (1996), Gao and Yi (2003)
and Liu (2015) show for example that the recoverable strain is maximum in the rolling
direction (RD) and gradually decreases until reaching a minimum in the transversal
direction (TD) (see Fig. 1.14). The absolute difference between these two directions
may change with different heat treatments (Inoue et al., 1996), but the overall trend is
the same.
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Figure 1.14: Tensile stress—strain curves of a NiTi thin sheet along different directions with
respect to RD (From Liu, 2015).

Other mechanical properties were also investigated like elastic modulus and trans-
formation stress. Gao and Yi (2003) extracted these two properties from stress-strain
superelastic curves of tensile samples cut along various orientations and found out that
the transformation stress is relatively low in the RD, reaches a minimum around 45° and
again increases around the TD. For the elastic modulus they observed little variation
between RD and TD. Liu (2015) also measured the orientation dependence of tensile
damping capacity as the area inside the superelastic loop. The author observed a little
decrease from RD until 60° with a subtle substantial increase for 75° and 90° (TD).
This behaviour is related to the fact that when loaded until 10% strain these two latter
directions presented shorter stress plateaus.

1.3.2.2 Anisotropy in NiTi tubes

The number of works found in literature addressing the anisotropic mechanical behaviour
of NiTi tubes is still small compared to NiTi sheets. As cited previously, Robertson et
al. (2006) investigated the evolution of texture with heat treatments on a NiTi tube,
among other forms, through X-ray diffraction. As-received tubes with 4.6 mm outer
diameter and 0.35 mm thickness were subjected to three different heat treatments, each
one representative of a typical industrial processing step, according to the authors (see
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Fig. 1.15). The results showed that with heat treatment the texture in the thickness
(radial) direction was redistributed from a mostly [111] to a mostly [110] and in the
drawing direction the [111] texture was intensified.
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Figure 1.15: Texture evolution with heat treatment in a NiTi tube. Little change is observed
in the drawing direction, that rather experiences an intensification of the [111] texture. In the
thickness direction the texture evolves from mostly [111] to [110]. In the transversal direction
mostly the [111] is observed, with some [110] (adapted from Robertson et al., 2006).

Moreover, the texture of an as-received flattened tube with 5.84 mm outer diame-
ter and 0.43 mm thickness was studied (bottom of Fig. 1.15). The flattening process
consisted of a five steps shape setting. They observed that the relatively strong flat-
tening process did not alter significantly the tube texture when compared to the tube
with the lightest heat treatment. The largest difference was the stronger [110] texture in
the thickness direction on the flattened tube. Using the measured textures the authors
estimated the transformation strain of the studied forms. Besides this estimation, it was
presented an experimental curve of strain transformation dependence on orientation for
the NiTi tube (Fig. 1.16). Both estimation and measurement tendencies agreed, showing
that the smallest strain achieved happens at 45° from the drawing direction.
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Figure 1.16: Measured and texture-predicted transformation strain at the end of stress

plateau of a flattened tube at various angles relative to the tube drawing axis (From Robertson
et al., 2006).
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Another important contribution to the study of anisotropic behaviour of tubes is
the work of Barney et al. (2011) in which micro dogbone samples were cut from a
flattened tube at 0°, 45° and 90° from the drawing direction. Figure 1.18 shows the
tensile behaviour of these samples.
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Figure 1.17: Global uniaxial tensile stress-displacement behaviour of samples cut at 0°, 45°

and 90° from the tube drawing direction. Tensile samples’ gauge section measures 800 x 200 x

200 pm to allow simultaneous diffraction measurements (From Barney et al., 2011).

With X-ray diffraction measurements they reported that these tensile samples are
mostly composed of crystals oriented in the [111], [100] and [110] directions, respectively,
regarding the tensile axis. As aforementioned, the [111] and [110] single crystals have
similar mechanical behaviour. Indeed, samples cut from the tube at 0° and 90° behave
alike, as shown in Fig. 1.18. Figure 1.18 show the local grain distribution in the 0° and
45° dogbone samples as well as the averaged texture.

Tensile tests were performed with simultaneous X-ray diffraction measurements. The
authors were able to discuss the local transformational behaviour. Grain-level elastic
strain maps were built throughout tensile test, as shown in Fig. 1.19. The black regions
are grains that have exceed the elastic limit and have started the phase transformation.
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Figure 1.18: Global texture averaged in the gauge area and local texture distribution in the

tensile samples cut from 0° and 45° from the NiTi tube drawing direction (From Barney et al.,
2011).

It can be noticed that the transformed zones (black regions) in the maps of the 0° and
45° dogbone samples have very distinct morphologies. The distribution of transformed
zones appears more concentrated in the 0° sample, while it is more scattered throughout
the gauge area in the 45° sample. As transformation propagates in this latter it leaves
a significant number of untransformed grains. The hardened tensile behaviour of [100]
oriented grains, which resist more the tensile strain than [111] or [110] crystals, causes this
orientation dependence. This validates the single crystal observations and confirms that
the anisotropy in polycrystalline alloys are indeed caused by crystallographic texture.
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Figure 1.19: Evolution of grain local elastic strain of 0° and 45° NiTi digbone samples. The
black zones are transformed grains (martensite phase). The samples’ gauge length is 800um
which means loading was carried out until 3-4% tensile strain (From Barney et al., 2011).
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1.4 Experimental observations of strain localization
in NiTi alloys

Strain localization is a phenomenon widely reported in NiTi alloys submitted to ten-
sile load. It is recognized macroscopically by the presence of a very defined boundary
between a mostly untransformed zone and a mostly transformed zone in the material,
accompanied by a stress plateau on the stress-strain curve.

The origin of this behaviour is still discussed, although experimental observations
on polycrystalline NiTi indicate that it probably lies on the mechanical aspects of de-
formation (Sittner et al., 2005). Because of the macroscopic similarities between strain
localization in NiTi SMA and Liiders bands in low-carbon steels, this strain localiza-
tion is often called Liiders-like Deformation Mode (LDM). Both phenomena are strictly
different at microscopic scale, though (more details in Section 1.6.3.1).

1.4.1 Localization phenomenon in SMA: influence of stress state

In SMA the strain localization phenomenon is observed under certain specific circum-
stances like, only in NiTi alloys and exclusively under tension. There are no reports
about strain localization under compression (see Fig. 1.20a) or torsion. Under bending,
NiTi wires and tubes show strain localization on the tensioned side (Bechle and Kyri-
akides, 2014; Reedlunn et al., 2014), as in the example of Fig. 1.20b. The compressed
side shows a homogeneous strain field, following the tension-compression asymmetry
observed in uniaxial loadings.

ET

Figure 1.20: (a) Uniaxial behaviour a NiTi tube, showing localization during tensile loading
but no localization during compressive loading. (b) Bending of the NiTi tube showing strain
localization only on the tension side. (From Reedlunn et al., 2014).
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Sun and Li (2002) showed experimentally how the localized behaviour of NiTi tubes
under pure tension gradually becomes homogeneous when torsion is added, until no
strain localization is observed when the tube is under pure shear (see Fig. 1.21). Instead
of the stress plateau seen in pure tension, a monotonic hardening is observed in pure
torsion.
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Figure 1.21: Evolution of strain distribution on the surface of a NiTi tube when subjected
to stress states ranging from pure uniaxial tension to pure torsion (Sun and Li, 2002).

Recently, Bechle and Kyriakides (2016) also showed the evolution from localized to
homogeneous behaviour in NiTi tubes submitted to various stress states combining axial
load and internal pressure. They observed that the strain localization does not happen
only in a narrow range of stress states near the equibiaxial condition.

Texture is considered to be the main source for this mechanical behaviour dependence
on stress state. Other aspects seem to also play important roles like the anisotropy at
the single crystal grain level (Sittner and Novak, 2000) and martensite low symmetry,
besides detwinning during stress induced transformation (Favier and Orgéas, 1998).

1.4.2 Experimental conditions for localization in NiTi SMA

One of the main experimental conditions affecting the localization phenomenon in NiTi
SMA is the strain rate (Elibol and Wagner, 2015; Iadicola and Shaw, 2004). High
strain rates cause specimen self heating which, according to the Clausius-Clapeyron
relationship, simultaneously increases the stress needed to keep the phase transformation
going on. As a result, higher strain rates cause the nucleation and propagation of more
bands in the specimen surface, as demonstrated by Kim and Daly (2013) (see Fig. 1.22).
In the mechanical behaviour a monotonic hardening takes over the stress plateau.

Cycling also affects the occurrence of localized behaviour. It can induce a homoge-
neous deformation mode on specimens that originally experimented strain localization
(Polatidis et al., 2015; Zotov et al., 2017). In general, after 100 transformation cycles
the localization phenomenon gives way to an homogeneous deformation.
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Figure 1.22: Evolution of strain localization behaviour with increasing strain rate in a NiTi
strip (Kim and Daly, 2013). The maps correspond to an instant the middle of phase transfor-
mation plateau.

1.4.3 Influence of sample geometry

In addition, the localized behaviour depends on geometric factors such as specimen
aspect ratio and shape. Shaw and Kyriakides (1998) observed that long NiTi strips
under tension present sharp bands inclined 50° to 60° to the loading direction. Shear
deformation associated with these bands cause kinking in the sample plane (see Fig.
1.23a), which is dependent on geometric, transformational and testing conditions.
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higher strain energy
lower interface energy

lower strain energy
higher interface energy

Figure 1.23: (a) Kinking angle schematically shown and an experimental example (Shaw and
Kyriakides, 1998). (b) Schematic representation of different strain localization front morpholo-
gies (Feng and Sun, 2006).

In shorter strips, however, the kinking is more difficult and criss-crossed patterns are
observed instead (see Fig. 1.23b). This difference in the morphology of front propagation
can be an attempt of the material to be more thermodynamically stable, reducing the
strain energy stored near the sharp band at the expense of increasing the surface energy
of the front through the formation of fingers or criss-cross pattern, as discussed by Feng
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and Sun (2006).

As for the shape of the specimen, when deformed under tension, the localization is
recognized as a sharp inclined band in NiTi plates (Shaw and Kyriakides, 1998; Shaw
and Kyriakides, 1997) (see Fig.1.24¢) and as a conical transformation front in cylindrical
specimens, perceived as bands perpendicular to the loading direction (Sedmak et al.,
2016a) (see Fig.1.24d).

In tubes under tension the localization morphology has been reported to be helical or
annular around the tube surface. Schlosser (2008) verified that the band morphology in
NiTi in tubes strongly depends on temperature and on macroscopic strain rate. When
tensile tests were performed with water flow inside the tube, the band observed was
annular and perpendicular to the tube axis. When tests are performed without internal
flow, NiTi tubes generally have a helical front (Favier et al., 2007; Feng and Sun, 2006;
Sun and Li, 2002).

Besides the differences in the transformation front morphology, differences in the
stress-strain response are observed for different material shapes, presumably caused by
texture. Tensile samples cut from polycrystalline NiTi sheet along various directions all
present a stress plateau under tension, although the length of the plateau changes with
orientation (Gao and Yi, 2003; Liu, 2015). Meanwhile, samples cut from flattened NiT1i
tubes do not present localized behaviour around the 45° direction (Barney et al., 2011).

1.4.4 Evolution of techniques used to observe strain localiza-
tion phenomenon in NiTi

Some of the most used techniques to observe localization phenomenon are based either
on the strain difference between phases or on the temperature difference due to heat
release or absorption during transformation.

One of the first observations of localization in NiTi alloys was performed using four
thermocouples attached to a wire under tension and measuring the evolution of tem-
perature in each point during a tensile loading (Leo et al., 1993). In the same manner,
Shaw and Kyriakides (1995) coupled miniature extensometers and thermocouples along
the length of a NiTi wire to follow local strains and temperatures (Fig. 1.24a). The
information provided with this technique is, however, discontinuous and unidimensional.

Some years later Shaw and Kyriakides (1997) used thin layers of brittle coating
(TiO2) applied on the surface of NiTi strip specimens. The oxide layer cracks whenever
a localization front appears and propagates, allowing to identify the strain localization
with naked eye as a change in the color of the specimen 2D surface (Fig. 1.24b). The
downside of this technique is that it does not provide quantitative information about the
strain state of the material. Also, there is a loss of contrast between forward and reverse
transformations since part of the oxide layer detaches during loading.

In this same work the authors also followed the transformation with a thermal camera.
This latter technique is still broadly used mainly in thermomechanical coupling studies.
Nowadays the vast majority of works use Digital Image Correlation (DIC) to measure
displacement, strain and velocity fields. This technique can be used on 2D or 3D surfaces,
providing very good quantitative data (Fig. 1.24c).

Lastly, diffraction techniques like 2D and 3D X-ray diffraction can be used to measure
surface or volumetric strain and stress fields in the grain level, as demonstrated by the
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Figure 1.24: (a) Strain profiles obtained from four extensometers installed on a NiTi wire
(Shaw and Kyriakides, 1995). (b) Strain localization phenomenon observed on the surface of
NiTi strips through oxide layer cracking (Shaw and Kyriakides, 1997). (c) Strain fields on the
surface of NiTi strips captured with digital image correlation (Jiang et al., 2017). (d) Stress
state in the grain level in a NiTi wire calculated using 3D-XRD technique (Sedmak et al.,
2016b).

S ido20 o] B0L40 oo B0 4020 0 20 40 60 mmzog‘?owso
x [pm] X [um]

works of Sedmak et al. (2016a) on NiTi wires, Mao et al. (2010) on NiTi tubes and
Barney et al. (2011) on NiTi speciments cut from flattened tubes (Fig. 1.24d).

1.5 Thermodynamic framework of thermoelastic marten-
sitic transformation

A thermoelastic martensitic phase transformation is a first-order diffusionless transi-
tion between two solid phases, comparable to the allotropic transformation of a pure
element (Wollants et al., 1993). However, differently from allotropic transformations,
thermoelastic martensitic transformation is accompanied by a recoverable macroscopic
deformation which is in its nature a source of irreversibility, deviating the system from
the thermodynamic equilibrium.

Based mainly on the works of Ortin and Planes (1989) and Wollants et al. (1993),
this section shows the description of the thermoelastic martensitic transformation from
a thermodynamic point of view. The hypothetical absence of any irreversibility is firstly
considered. Next, the particular case of a uniaxial stress induced phase transformation
is presented. Finally, the sources of irreversibility are introduced and its effects on ther-
momechanical behaviour are discussed.

Notation and units

The units of properties involved in the thermodynamic framework is listed on Table 1.1.
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The units apply to the symbols even when sub or superscripts are added. This table is for
reference and throughout text these symbols are still presented. Throughout this section
Ae denotes the difference of a property between martensite and the parent phases.

Table 1.1: Units of the properties used in this thermodynamic framework

Symbol Property Unit
C Clausius-Clapeyron coefficient Pa/K
Cp specific heat capacity at constant hydrostatic pressure J/kg.K
Ey, specific frictional work J/kg
Ey specific stored elastic energy J/kg
€ uniaxial strain -
fm martensite fraction -

G specific Gibbs free energy J/kg
H specific enthalpy J/kg
P pressure Pa

p mass density kg/m3
S specific entropy J/kg K
o uniaxial stress Pa
T temperature K

U specific internal energy J/kg
%4 specific volume m? /kg
w specific work J/kg

1.5.1 The Gibbs free energy equation

A thermodynamic potential is a state function that describes the behaviour of a
thermodynamic system as function of its natural variables. For the thermodynamic
system consisting of martensite or austenite phases, the thermodynamic potential is
the Gibbs free energy G and the natural variables are pressure P and temperature T.
According to the first and second laws of thermodynamics, Eq. (1.1) relates G to P and
V for the case where only P — V reversible work is involved

GP,T)=U+PV—-TS=H-TS (1.1)

where U is the specific internal energy, V' is the specific volume, S is the specific entropy
and H is the specific enthalpy.

The driving force for the phase transformation is the difference between the Gibbs
free energy of of austenite GﬁT and that of martensite G'pp:

AGpr =Gy — Gpy (1.2)
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A thermodynamic equilibrium is met when the difference between the thermodynamic
potential of the phases is minimal for a set of values of the natural variables (P,T) . In
the two-phase system composed by martensite (M) and austenite phases (A), this means
at

GA}S{T = Gé,T (1.3)

and according to Eq. (1.1), at
AGP,T = AHP,T — TASRT =0 (14)

with AHpp and ASpr being the enthalpy and entropy variation between phases at a
given P, T pair. They originate from the chemical differences of austenite and martensite
phases. Figures 1.25a and 1.25b illustrate schematically G and G,“_{T in a constant
temperature and constant pressure scenarios, respectively.

GA T =T, = constant blca P = Pg = constant

|

|

|

|

(57) '
27 - |
ar?), T |
|

|

To T

Figure 1.25: (a) Isothermic and (b) isobaric schematic behaviour of austenite and martensite
Gibss free energy (From Wollants et al., 1993). Cp is the specific heat at constant pressure.

Because this is a first-order transformation, the thermodynamic equilibrium can be
unambiguously defined as occurring at temperature Ty at constant pressure, or at pres-
sure Py at constant temperature.

Furthermore, Eq (1.4) states that, keeping one natural variable constant while varying
the other, the chemical difference between martensite and austenite, given by AHpr and
ASpr, alone triggers the phase transformation. This is true in the hypothetical situation
where no irreversibilities occur. Figure 1.26 illustrates the case where only these chemical
contributions (AHpr and ASpy) are present in the phase transformation, considering
that heat capacities of austenite and martensite are equal at any temperature (Ca = CH
¥V T). The graph in Fig. 1.26 also illustrates the following facts:

e The slope of the AG versus T curve is the entropy change AS.
e The value of AG when T' = 0 K is the enthalpy change AH of the transformation.

e The chemical differences AH and AS are both negative.
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Figure 1.26: Gibbs free energy difference in function of temperature in a thermodynamic
equilibrium situation, according to Eq. 1.3 and considering Cﬁ = C’gf V T (From Wollants
et al., 1993).

The Clausius-Clapeyron relation when only P-V work is involved

The Clausius-Clapeyron equation relates the two natural variables P and 7. It is ob-
tained from the fundamental Equation (1.1):

dG = VdP — SdT (1.5)

In the thermodynamic equilibrium dG = 0 in Eq. 1.5 and the relation between P
and T is given by

aP _AS _ Al

dT" AV TAV

AV is the difference of specific volume between martensite and austenite. In SMA
AV = 0.

(1.6)

1.5.2 Uniaxially stress-induced transformation

When a stress is externally applied in the thermodynamic system, the thermoelastic
martensitic transformation is said to be stress-induced. In this case a reversible mechan-
ical work is performed on the system. According to continuum mechanics theory, the
mechanical work per unit of mass performed on a representative element volume (REV)
can be written as a function of the average stress and macroscopic strain tensors. If the
stress is applied uniaxially and only transformation strain is considered, an infinitesimal
amount of mechanical work is

1
AWieon = —odzy, (1.7)
p

where p is the mass density, ¢ is the uniaxial stress externally applied on the system and
€4 1s the transformation component of uniaxial macroscopic strain.

Introducing f,, as the martensite fraction and df,, as an infinitesimal step of marten-
site fraction, Eq. (1.7) can be written as
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1 anech /
—odey = df, = dfm 1.
po_ Et ( afm ) f mech f ( 8)

A linear relation between de;, and df,, is assumed:

dEtr = Agtrdfm (19)

where Aegy,. is defined as the transformation strain for a complete transformation, at
fm = 1. Equation (1.8) then becomes

1
i Zoley, (1.10)
p

mech

Finally, the difference between the specific Gibbs free energy of martensite and austen-
ite in Eq. (1.4) can be rewritten as

1
AGP,T = AHP,T — TASP,T — *O’Aa’ftr =0 (111)
P

which expresses the thermodynamic potential of a uniaxially stress-induced thermoelastic
martensitic transformation happening on thermodynamic equilibrium. Figure 1.27 shows
the AG difference when external mechanical work is involved in the transformation.

P = constant

AG A 2 )} &0\
¢ ¢

>
A*H “‘“/“ T(o) T
Loaet |

Figure 1.27: Gibbs free energy difference in function of temperature in a thermodynamic
equilibrium situation where reversible external work is involved (adapted from Wollants et al.,
1993).

This external work displaces the thermodynamic equilibrium, that now occurs at
T = T(o). However, it does not change the fact that the transformation happens
isothermically when pressure is kept constant.

The Clausius-Clapeyron relation when external mechanical work is involved

From Eq. 1.27, and analogously to the case with only P-V work, the Clausius-Clapeyron
equation relates external stress o and temperature through
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do_ pAS  pAH
dT’ N Agtr N TAEtT

(1.12)

1.5.3 Sources of thermodynamic irreversibility

In the previous section the thermodynamic potential for phase transformation was pre-
sented for the case where only reversible work is involved (either P — V' or external
mechanical work). However, in reality, the martensitic phase transformation does not
occur isothermally, but rather in a temperature range, generally accompanied by a hys-
teresis between forward and reverse transformations.

These deviations from equilibrium are caused by the presence of two main non-
chemical irreversible contributions in the thermodynamic potential: the stored elastic
energy, associated with the shape and volume changes during transformation between
austenite and martensite; and the frictional work, associated with the energy dissi-
pated by the relative movements between the austenite and martensite interfaces.

Stored elastic energy

The stored elastic energy has two sources: elastic strain energy and interfacial energy
(Hamilton et al., 2004; Ortin and Planes, 1989). The first can be defined as the work
performed against internal forces to modify the total strain of the system. The latter
comes from the creation of new interfaces and/or changes in existing interface dimensions.

This generation process is different for thermally and stress induced phase transforma-
tions. In the first scenario no appreciable shape or volume changes are involved because
the martensite is formed in a self-accommodated manner, minimizing elastic strain en-
ergy. Nevertheless, the interfacial energy is present and is therefore the main reversible
non-chemical contribution for the system free energy. In the presence of external stress
both elastic strain and interfacial energies exist.

The stored elastic energy constitutes an opposition to the forward transformation,
during which the energy is stored elastically. During the reverse transformation the
energy previously stored is released, favouring the transformation in this sense. However,
this mechanical reversibility does not mean a thermodynamic reversibility. Its existence
still constitutes a source of irreversibility because it is responsible for the transformation
to not occur isothermally, but instead within a temperature range. Figure 1.28 shows
schematically the isolated effect of reversible stored elastic energy. The difference between
Ty and T is directly related to the amount of stored elastic energy in the system.

Frictional work

Frictional work is present in thermally or stress induced transformations, even in single-
crystal single-interface specimens, where no shape or volume change occurs. It can be
defined as the work performed to overcome interface motion, which is directly related to
the amount and nature of the barriers opposing the movement of transformation fronts.
This parcel of energy is ultimately dissipated from the system as heat (Wollants et al.,
1993), during both forward and reverse transformations.

It constitutes a thermodynamic irreversibility because it increases the entropy of the
universe (transforming system + surrounding), degrading the useful work performed by
the system. Taking as reference the thermomechanical behaviour at the thermodynamic
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%M A P = constant
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Figure 1.28: Isolated effect of stored elastic energy on the thermodynamic behaviour of the
temperature induced thermoelastic transformation (o = 0) (Hamilton et al., 2004).

equilibrium, Fig. 1.29 shows schematically the isolated effect of frictional work on the
transforming behaviour of the two-solid phase system composed of austenite and marten-
site. The size of the hysteresis cycle (shaded area) is directly related to the frictional
work dissipated.

%M A P = constant

100 - ———

Y

T

Tg To T,

Figure 1.29: Isolated effect of frictional work on the thermodynamic behaviour of the tem-
perature induced thermoelastic transformation (o = 0) (Wollants et al., 1993).

1.5.4 Effect of thermodynamic irreversibilities on mechanical
behaviour in the presence of mechanical load (o, # 0)
The thermomechanical behaviour of SMA undergoing martensitic phase transformation

in the presence of mechanical work is much affected by thermodynamic irreversibilities.
Figure 1.30 illustrates the mixed effect of frictional work and stored elastic energy on
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the strain-temperature behaviour. They are responsible for the initial and final phase
transformation temperatures M, My, A, and Ay.
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Figure 1.30: Mixed effect of frictional work and stored elastic energy on the thermomechanical
behaviour of the SMA phase transformation in the presence of mechanical work (o,e # 0)
(Hamilton et al., 2004)).

1.5.5 Thermodynamic potential with irreversibility contribu-
tions

These irreversible contributions must be added to the thermodynamic potential expressed
in Eq. (1.4), characterizing the thermoelastic phase transformation as it happens in real-
ity. From now on, the subscript notation “P,T” is omitted and the following subscripts
are adopted: “ch” for chemical energy contributions, “fr” for frictional work and “st”
for stored elastic energy.

Since frictional work and stored elastic energy are not state functions, the thermo-
dynamic potential is written as function of an infinitesimal matensite fraction step df,,.
Thus, for a given set of natural variables one obtains

dG = (AH, — TASw)dfon + (0Est)0f)dfm + (OE 0/ fi)dfon = 0 (1.13)

where AH., and AS,, are the chemical contributions of enthalpy and entropy changes,
respectively; and Ey, and Ey, are the contributions of stored elastic energy and frictional
work, respectively.

In derivative form one has

G'=AH —TASq + B+ Ey. =0 (1.14)
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where the superscript / designates the partial derivative of a property in relation to f,,.
Thus, By, = 0Es/0fy and By = 0Ey. /0 f.

When the material is fully in the austenite phase f,, = 0 and when fully in the
martensite phase f,,, = 1. During the forward transformation the infinitesimal martensite
mass fraction step df;, is positive and during reverse transformation it is negative.

Including the contribution of an external mechanical work in a stress-induced phase
transformation occurring under the application of uniaxial stress, Eq. (1.14) can be
rewritten as

1
G/ = AHch - TASC}L + E.;t + E;c,,, - ;O’Agtr =0 (115)

Sign convention

Considering that work performed by the system is negative and work performed on the
system is positive, the sign of each non-chemical contribution in Eq. (1.14) can be defined
for the forward and reverse transformations.

The stored elastic energy is work performed by the system during forward transfor-
mation and work performed on the system during reverse transformation. Therefore
dE’, must be positive during forward and negative during reverse transformation. This
makes both EA7M and EM~4 positive values due to df,, signs in each sense. The
frictional work is always performed by the system and thus is always positive. This leads
to a positive E}f%M and a negative E}]XI%A. Furthermore, AH,, and AS,, are both
negative.

The Clausius-Clapeyron relation

The temperature derivative of Eq. (1.15) gives the relation between uniaxial stress and
temperature. If it is assumed that p, Aey,., £, and E}T do not depend on temperature,
the usual Clausius-Clepeyron relation is obtained:

do _ pASy,
dT a Agtr

(1.16)

1.6 Mechanics of strain localization

1.6.1 Different types of strain localization

Strain localization is a phenomenon observed in many ductile materials. During a tensile
test, it takes place when the deformation distribution throughout a body changes from
homogeneous to inhomogeneous upon achieving a certain stress level. In classic materials
this phenomenon is observed during plasticity and is widely acknowledged as a plastic
instability. This subject receives a lot of attention among metallurgists because plastic
instabilities generally precede failure.

In SMA, however, strain localization is related to the phase transformation, and
therefore is reversible. Although both cases are fundamentally different regarding their
crystallographic nature, their macroscopic manifestations are very comparable (Shaw and
Kyriakides, 1998; Sittner et al., 2005). For this reason, theoretical approaches addressing
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the localization in SMA are based in the plasticity theory developed for classic metallic
alloys.

Liiders bands and localized necking are the two phenomena to which SMA localization
is mostly referred to. Although both terms are often used interchangeably (Sittner et
al., 2005), both designating a macroscopic strain localization, metallurgists differentiate
them. Liiders bands is a plastic instability that generally takes place between elastic and
plastic regimes. Its occurrence is related to very specific crystallographic conditions.

Localized necking is a strain localization mostly observed when plasticity is already
established and fracture is imminent. The conditions for its occurrence are rather ex-
plained based on continuum mechanics.

The next subsections are dedicated to present the theories developed to explain both
Liiders deformation mode and localized necking and contextualize the localization ob-
served in NiTi alloys in view of these theories.

1.6.2 Mechanics of strain localization in usual metallic alloys

1.6.2.1 Liders bands

According to specific crystallographic conditions, the transition from linear elastic to
plastic deformation in metallic alloys can be either smooth (Fig. 1.31a) or very well
marked (Fig. 1.31b). The discontinuity between elastic and plastic regimes in the curve
of Fig. 1.31b is the macroscopic mechanical manifestation of the presence of Liiders
bands, which characterize the LDM.

Stress
Stress

Ouy

\4
\4

Strain €L Strain

Figure 1.31: Schematic tensile stress-strain curves (a) with homogeneous deformation only
and (b) with Liiders bands behaviour.

This transitory deformation mode is characterized by a drop in tension followed by
a fluctuation around an average stress value. The stress oyy is called upper yield stress
and the average fluctuation stress oy is called lower yield stress. €y, is the Liiders strain,
reaching around 1-3 % in mild steels (Ananthan and Hall, 1991; Sylwestrowicz and Hall,
1951).

This material instability causes an undesirable surface irregularity during sheet metal
forming processes (Sotomayor and Herrera, 1994). This inconvenience, and the quest to
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avoid it, is the reason why Liiders bands is a phenomenon extensively studied and well
understood among metallurgists.

Crystallographic causes Liiders bands behaviour in usual metallic alloys

For many polycrystalline alloys, the typical mechanism of plastic deformation is slip,
which consists in the movement of dislocations (linear crystallographic defects) through-
out the material. The Liiders bands phenomenon happens under specific crystallographic
conditions related to restrictions to the movement of dislocations, which ultimately causes
their movement to be noticeable in the macro-scale.

According to dislocation theory, such restrictions are solute interstitial carbon and
nitrogen atoms clustered around dislocations, known as Cottrell atmospheres (Cottrell
and Bilby, 1949). During a uniaxial test, the upper yield stress opyy marks the first
episode of dislocation release from the Cottrell atmospheres. After this fist burst of
dislocation movement the stress drops until the lower yield point. The fluctuation around
the lower yield stress is then caused by subsequent episodes of dislocation releasing,
movement and re-blocking. This continues until all the dislocations have freed themselves
and have swept the tensioned material. After that, the plastic deformation continues
normally, generally with strain hardening.

1.6.2.2 The Schmid law

Regardless of the strain distribution in a material, the slip mechanism takes place along
a specific plane and a specific direction in a grain. Both constitute the grain slip system,
as illustrated in Fig. 1.32. The slip system (plane and direction) is characteristic of the
crystallographic structure (face-centred cubic, body centred-cubic, hexagonal, etc).

By knowing the slip system of a grain it is possible to calculate the critical resolved
shear stress (7.) that will initiate the slip in the grain. This is performed through the
Schmid law, under the assumption that the stress state is homogeneous throughout the
material. This law is expressed in Eq. 1.17 for a uniaxial tensile loading;:

resolved force acting on slip plane  F.cos A F.

COS (Y COS A = 0. COS (0 COS A

(1.17)
where ¢ is the angle between the applied tensile load and the slip plane and A is the
angle between the applied tensile load and the slip direction, as illustrated in Fig. 1.32.
From Eq. 1.17, the Schmid factor (m) is defined as

Te = area of slip plane  Ajcosp A

M = COS ( COS A (1.18)

and the Schmid law can be written as

Te = 0.m (1.19)

In a polycrystalline material under uniaxial load, Eq. 1.19 can be used to identify
which grains will first experience slip as being the ones with the larger Schmid factor.
That is, which grains requires the lowest stress o. to begin slip.
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Figure 1.32: Scheme of slip system in a tensile sample and the angles used to calculate the
Schmid factor.

The grains favourably oriented with the slip system will undergo slip before other
grains that are less favourably oriented. This means that plastic deformation evolves in-
homogeneously at the grain scale. In the macro-scale, the degree of strain inhomogeneity
clearly depends on the material texture and on the loading direction.

1.6.2.3 Localized necking

Necking can be observed in uniaxial and biaxial tensile loadings of ductile metals. En-
couraged by the automotive industry, many studies focused on investigating the necking
phenomenon in the light of sheet metal forming processes, where diffuse and localized
necking are distinguished (Aretz, 2007; Bao et al., 2016), as shown in Fig. 1.33.

Localized necking is always preceded by a diffuse necking. However, it is the local-
ization that determines the maximum allowable strain in industrial stamping (Barata
da Rocha et al., 1985), known as forming limits. The localized necking, therefore, is
considered more important in practice.

The criterion of velocity discontinuity

Hill (1948, 1952) developed a theory for localization phenomenon occurring in a plane
stress state (033 = 031 = 032 = 0). The localized neck is idealized as a discontinuity in
velocity on the basis of plasticity theory. He states that the neck will appear along a
characteristic, which is a direction of zero rate of extension.

Characteristics are solutions of partial differential equations (PDE). In the plane
stress problem the strain equations are either hyperbolic or elliptic PDE (Hill, 1948),
having two or none characteristics in the set of real numbers, respectively. Thus, in
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Figure 1.33: Photographs of a metallic sample at various stages of tensile loading: (a) uniform
deformation, (b) diffused necking, (c) localized necking (d) and fracture (Krishnan et al., 2014).
Neck domain is illustrated below the pictures.

a sheet uniaxially loaded, if the velocity equations are elliptic there is no localization.
Otherwise, the neck will appear along one characteristic. Perpendicular to the other
is the velocity vector o developed by the neck, which is different from that of the
neighbouring material. Figure 1.34 illustrates these geometric relations in a thin sheet
under tensile load.

The angle between 7 and the neck direction is 1 and is related with the strain
increment on the principal directions 1 and 2 (in a plane stress state) by

€1+ €2
€1 — &2

siny = (1.20)

This expression states another condition for the occurrence of localized necking, which
is 1 # 0. Otherwise there is no necking, only a relative sliding (Hill, 1952).

If a yield function f and a plastic potential are identical due to the use of an asso-
ciative flow rule, stress and strain increment in the principal directions are related (in a
plane stress state) by

of )00y £
8f/802 N c‘fg

f(o1,09) = constant, (1.21)

and Eq. 1.20 can also be written in terms of the yield function as
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RRRERN

Figure 1.34: Tlustration of a neck in a thin sheet under uniaxial tension caused by a velocity
discontinuity along the direction of a strain rate characteristic (Hill, 1952; Shaw and Kyriakides,
1998).

of  of
Qm+%ﬂ

sin ) = (afaf> (1.22)

(90'1 80'2

where o7 and oy are the yield stresses in the principal directions of the material.

If an isotropic yield function is used in Eq. 1.22 the angle between the neck and the
axis of applied tension can be calculated using the Lévy-Mises equations. It follows from
these equations that under tensile stress along principal direction 1 that &;/ey = —2.
Then, the angle between the neck and the tension direction is:

1 1 1
Y =sin~? (3) =19°28' and o« = Y 51/} = 54°44’ (1.23)

Indeed band angles close to this predicted value were measured in mild-steel under
tensile loadings (Ananthan and Hall, 1991). Sometimes, however, different angles are
observed. Wakashima and Mori (1972) attributed these differences to the effect of inter-
nal stress from undeformed regions on each side of the band, which are not considered
by Hill theory.

Also, applying an isotropic yield function in Eq. 1.22 results in a single value for
band angle «. In order to take into account any orientation dependence, an anisotropic
yield function should be used in this equation.

1.6.3 Mechanics of strain localization in NiTi SMA

Due to the many similarities between strain localization phenomenon in usual metallic
alloys and NiTi SMA, the theories developed for plasticity are often applied for the
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phase transformation. The next sections discuss the use of the aforementioned plasticity
theories in the case of phase transformation in NiTi alloys.

1.6.3.1 Liiders deformation mode (LDM) in NiTi SMA

In NiTi SMA the LDM is observed in both shape memory effect, during martensite
reorientation (Fig. 1.35a) and in superelasticity, during the stress induced phase trans-
formation (Fig. 1.35b).
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Figure 1.35: NiTi mechanical tensile behaviour at temperature T and corresponding strain
distribution. (a) Wire originally at martensite state (M; > T > Mj) during detwinning
(adapted from Laplanche et al., 2017). (b) Strip originally at austenite state (T > Ay) during
stress induced phase transformation (adapted from Jiang et al., 2017).
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Like classic metallic alloys, NiTi SMA present a drop in tension prior to stress plateau.
The upper “yield” point is associated with the nucleation of the first martensite domain
during SE, or with the nucleation of the first reorientation domain in SME (Shaw and
Kyriakides, 1997).

Unlike the LDM observed in classic alloys, the plateau strain in NiTi can reach 8%
in tension (Liu, 2015). Also, since phase transformation and detwinning processes are
crystallographically reversible, a stress plateau is also observed upon unloading.

1.6.3.2 Origin of LDM in NiTi SMA

For a long time many authors associated the stress plateau with the full phase trans-
formation or reorientation process. However, it has been proved that both phenomena
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start before and continue after the plateau (Favier et al., 2007; Stebner et al., 2015). The
localization can be seen as an intensification of these phenomena (Brinson et al., 2004),
but they do not happen exclusively while band(s) propagate.

In order to comprehend the origin of LDM in NiTi SMA many investigations have
been carried out. The brief review that follows is based on the review presented by Mao
et al. (2010).

Shaw and Kyriakides (1997) and Shaw and Kyriakides (1995) raised the hypothe-
sis that the LDM in SMA can be explained by the difference between thermodynamic
driving forces of martensite nucleation and variant growth during phase transformation.
However, this argument was contested in view of the fact that the LDM is also ob-
served during martensite reorientation, while no phase transformation takes place. In
the same manner, the LDM is not observed during uniaxial compression where the phase
transformation does take place.

Experimental observations have shown that the angle of the band front can reach
as low as 48° (Pieczyska et al., 2006) and as high as 67° (Shaw and Kyriakides, 1998),
suggesting that there is possibly an interaction between strain mechanics and martensite
crystallography, and thus it can not be a mechanism purely governed by the mechanical
principle of maximum shear stress.

Mao et al. (2007) used in situ EBSD technique to analyse the characteristics of LDM
in bulk NiTi and concluded that it is the orientation and distribution of individual grains
with respect to the orientation of the externally applied load that control the selection
of some martensite variants to the detriment of others, as well as the propagation of the
band front.

While the crystallographic motion experienced by SMA is not caused by slip but
rather by reversible twinning, both mechanisms have in common a shearing nature. For
this reason the Schmid factor criterion is widely used to predict how phase transformation
evolves in a given SMA when stress is applied (Otsuka and Shimizu, 1986; Sehitoglu et al.,
2001; Yu et al., 2015). For NiTi alloys, this criterion states that the martensite variant
with the highest Schmid factor in the applied stress direction will be induced first among
all possible variants (Liu, 2015). Figure 1.32 illustrates the plane and directions involved
in the calculation of the Schmid factor in a SMA crystal, except that the slip plane is
now considered to be the habit plane (planar interface between austenite and martensite
phases).

In the work of Mao et al. (2010) the origin of LDM in SMA was investigated at the
grain level. For this, they examined the asymmetry between tensile and compressive
mechanical responses of a NiTi tube. Using EBSD technique, the orientation of the
grains during tensile and compressive loading was defined. Then, the authors calculated
the Schmid factor of several grains and compared the scattering for both loadings. The
compressive Schmid factor scattering was significantly higher (£20%) than for tensile
load (+8.7%), as shown in Fig. 1.36).

This result shows that in a NiTi tube the grains are oriented in such a way that
the variation of the critical transformation stress for tension among grains is small. This
favours the nucleation of a transformation domain in a concentrated zone (i.e. in a Liiders
band). Meanwhile, under compression the critical transformation stress among grains
differs significantly, causing the transformation to nucleate throughout the material, in
a more distributed manner.
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Figure 1.36: EBSD grain orientation maps of NiTi tubes submitted to tension and compres-
sion. The (1) maps show the samples before loading, in the austenite phase. In (2) and (3)
different stages of loading are shown. The black lines are martensite plates. The graphic on
the right side of the figure presents tensile and compressive Schmid factors calculated for 100
grains chosen randomly in the samples (adapted from Mao et al., 2010).

1.6.3.3 Localized necking theory applied in NiTi alloys

Despite its limitations, the theory of zero-extension-rate direction has been successfully
used in the prediction of the band angle at appearance in NiTi alloys under uniaxial
tension (Reedlunn et al., 2014; Shaw and Kyriakides, 1998). These authors evaluate the
band angle appearing in NiTi SMA using an isotropic criterion.

Recently, Bechle and Kyriakides (2016) also used Hill theory to predict the angle of
the localization band. The study was performed in a NiTi tube under biaxial load. The
biaxial stress state was imposed by tensile load combined with internal pressure (see Fig.
1.37a). The ratio between axial (0,) and hoop (0g) stresses is defined as

Oz
=" (1.24)

The localization in the tube was analysed for several a, values and the band angle
from the axial direction was measured experimentally. The band angle measured in the
test with gy = 0 was 55.8°. In the test with o, = 0 it was 29.1°, whose complement is
near 55.8°.

The experimental angles were compared with Hill prediction using Eq. 1.22. In
this equation were applied the von Mises isotropic criterion and an anisotropic criterion
(CPB06 from the works of Cazacu et al. (2006) and Plunkett et al. (2008)). Both
functions were calibrated with transformation stresses measured during tests.

Figure 1.37b shows measured and predicted band angles. The anisotropic yield cri-
terion applied in Hill theory predicts the band angles fairly well.
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Figure 1.37: (a) Free body diagram of the tube during submitted to combined axial and
hoop stresses (adapted from Linardon, 2014. (b) Relation between band angle ¢ and biaxial
stress ratio « in a NiTi tube. The experimental results agree considerably well with the ones
calculated using Hill theory and the anisotropic yield function calibrated with transformation
stresses (adapted from Bechle and Kyriakides, 2016).

1.7 Conclusion

NiTi SMA are very good candidates for biomedical applications due to its exceptional
thermomechanical behaviour. Mainly used in the manufacturing of medical devices,
the alloy production always involves some type of mechanical forming process. These
processes in turn induces a considerable amount of texture, causing the material to have
significant anisotropy.

The many studies about texture in NiTi SMA help to elucidate important questions
related to anisotropy. It has been shown that the mechanical behaviour of strongly
anisotropic polycrystalline alloys closely resemble the behaviour of single crystals oriented
similarly. The information about the mechanical behaviour of single crystals serves as
guideline for the anisotropic behaviour of the polycrystalline alloy. However, it has also
been shown that each type of mechanical forming process results in different orientation
dependencies. Hence, as many studies have addressed the anisotropy in NiTi sheets,
these results cannot be extended to tubes, a form whose anisotropy is still lacking on
quantitative information.

In order to address the consequences of NiTi tube anisotropy in subsequent chap-
ters, the thermodynamics of phase transformation and the mechanics of strain localiza-
tion were considered. A thermodynamic framework was revised in which the material is
treated as a two-phase system that undergoes a phase transformation away from the ther-
modynamic equilibrium. This analysis takes into account thermodynamic irreversibilities
that are responsible for the behaviour of SMA.

Finally, the mechanics of localization is addressed under the light of plasticity theory.
It has been discussed how the crystallographic and mechanical approaches to strain
localization agree that this phenomenon is very sensible to the material texture and
anisotropic behaviour.
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2.1 Introduction

To study the anisotropy of thin walled NiT1i tubes an experimental campaign was defined
and carried out. This chapter details this experimental procedure, from the fabrication
of samples, to its thermomechanical characterization. The tensile tests were performed
in samples cut at different orientations from the drawing direction of the tube.

Special care was taken to minimize the impact of the process of fabrication of samples
on the original anisotropy of the tube. This chapter describes the technique adopted to
cut the tube using laser machining. The final aim of this experimental campaign is
to obtain strain fields over the surface of the samples when submitted to tensile tests,
captured with Digital Image Correlation (DIC) technique.
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2.2 Material

Thin walled NiTi tubes were chosen to conduct this study due to the more accentuated
level of anisotropy of this form, compared to sheets. Furthermore, NiTi tubes have been
widely used on an industrial scale for vascular stent manufacturing, which is reflected in
the growing interest of the scientific community in this form in recent years.

The used NiTi tube has nominal composition 50.8%atNi-Ti. It was manufactured
by Minitubes SA (France), obtained after the last cold mandrel drawing. Its dimensions
are 8.27 mm of outer diameter D and 0.165 mm of wall thickness ¢, which gives an outer
diameter to thickness ratio of 50.

2.3 Fabrication of Samples

2.3.1 Fabrication process of dogbone tensile samples

In order to study the anisotropy on the NiTi tube, oriented dogbone samples were cut
from the tube. Firstly, the tube was longitudinally opened through laser cutting. Af-
ter, the tube was flattened through a single step shape setting. Finally, once the tube
was flattened, doghbone samples were laser cut in five orientations, including drawing
(DD) and transverse directions (TD). Figure 2.1 illustrates schematically the five stud-
ied orientations, as well as the final dimensions of samples and the definition of reference
coordinate systems.
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Figure 2.1: (a) Coordinate systems’ nomenclature of the flattened tube and dogbone sample.
(b) The five orientations at which the dogbone samples were cut, between drawing direction
(0°) and transverse direction (90°). (¢) Dimensions of the tensile samples in millimetres.

Figure 2.2 shows the NiTi tube in each of these steps. The shape setting and laser
cutting processes are explained in details in the following sections.
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Original Tube with Flattened tube Dogbone samples
tube longitudinal cut (after shape setting) cut through laser

[l

Figure 2.2: The thin walled NiTi tube in all steps of the fabrication of the dogbone samples.
Dimensions are in millimetres.
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2.3.2 Shape setting influence on thermal behaviour of samples

The shape setting process to flatten the NiTi tube was performed in a single step. The
tube was opened between two stainless steel plates (see Fig. 2.3) and was put in a
resistive furnace at 450°C for 20 min, followed by water quench. Argon gas flow was
used as protective atmosphere against oxidation.

Transverse view

Figure 2.3: (a) CAD visualization of the plates inside the resistive furnace chamber. (b)
Shape setting stainless steel plates.

The maximum bending strain ep.,q to flatten the tube was 1.9%. This value is
calculated as shown in Fig. 2.4. It is very small compared to the amount of strain to
which the material is submitted in the manufacture of the NiTi thin walled tube —
15% to 30% of section reduction per drawing pass (Linardon et al., 2014). Thus, it is
expected that the shape setting process does not affect the overall behaviour of the tube.
Furthermore, Robertson et al., 2006 shows that the flattening of a thin walled NiTi tube
does not alter its pre-existing texture (see Fig. 1.15).

In order to evaluate the influence of the shape setting on the tube material, DSC
tests on a Q200 model from TA Instruments were performed on the original and on
the flattened tube. The temperature sweep was carried out between -60°C to 100°C
with a 10°C/min rate. Fig. 2.5 presents these results. The original tube does not
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Figure 2.4: Mximum bending strain ep.,q to flatten a tube with thickness ¢ and radius p.

present any transformation in this temperature range, while the flattened tube shows a
small transformation peak. The small temperature hysteresis and small peak energy are
indications that this transformation happens between austenite and R-phase. In order to
evaluate the homogeneity of the “sheet”, DSC samples were cut from various positions
in the flattened tube, as shown in Fig 2.5. With regard to the temperature hysteresis,
transformation enthalpy and transformation temperatures, the flattened tube is fairly
homogeneous.
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Figure 2.5: DSC results of the original and flattened tubes. The flattened tube was tested in
various positions to verify the homogeneity of the “sheet”.

2.3.3 Laser cutting

Tensile dogbone samples were obtained from NiTi flattened tubes by laser cutting. The
available laser equipment is a marking laser system. The cutting process could be ef-
fectively performed because of the small dimension of the tube wall thickness. The
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procedure used is explained in detail in the following subsections, after an overall review
about cutting laser systems used in the fabrication of small NiTi components.

2.3.3.1 Brief review of NiTi laser cutting

Laser cutting is essentially a thermal process in which a material is removed through
vaporization or melting, usually with the assistance of a gas flow to evacuate the removed
material. It has the advantage of being remarkably precise compared to mechanical
machining processes, leaving the cut material with a reduced heat affected zone (HAZ)
and very good finishing. The thermomechanical properties of NiTi alloys, such as low
thermal conductivity and low elastic modulus, make the mechanical machining difficult
(Pfeifer et al., 2010). These alloys were specially favoured with the development of laser
cutting, which has been essential to the success of miniaturized devices such as vascular
stents and micro-electro-mechanical systems (MEMS).

Regarding the activation time of the laser beam, laser cutting systems can be divided
in continuous and pulsed systems. Literature shows that pulsed systems are preferred to
obtain miniatured devices from NiTi alloys. This is due to the minimum thermal impact
on the material. Besides, pulsed laser cutting results in extreme good cutting quality
and width control of the kerf (width of material that is removed by a cutting process)
(Pfeifer et al., 2010).

Pulsed laser systems can be categorized based on the range of pulse width (duration
of the pulse) as long, short and ultrashort lasers. The shorter the pulse width, the
minimum is the HAZ, being practically non-existent for ultrashort lasers like picosecond
and femtosecond lasers. This consists in a huge advantage, seen that no post-processing
for removing HAZ is necessary, besides the improved surface topography. However,
ultrashort lasers have lower cutting speed due to low material remove rate and therefore
have limited applications on industrial scale manufacturing (Liu et al., 2016).

In the manufacturing of stents, long pulse width lasers like Nd:YAG (neodymium-
doped yttrium aluminum garnet) and fiber lasers are more commonly used. Cutting
with these systems results in the presence of a recrystallization zone (HAZ) of the order
of 1 um to 100 um, depending on the chosen laser parameters (Liu et al., 2016; Pfeifer
et al., 2010). Pfeifer et al., 2010 observed that for a given pulse energy E, the HAZ
size after cutting NiTi with Nd:YAG laser is smaller for larger pulse widths (see Fig.
2.6). Liu et al., 2016 reported that no significant difference in HAZ size was observed
using different parameters to cut a NiTi tube in a fiber laser. The HAZ size was about
5um large. However, ther cuts were performed using water flow inside the tube in order
to increase heat dissipation, which certainly contributes to minimize the HAZ. Overall,
comparisons between both systems show that fiber lasers achieve better kerf quality in
terms of width, roughness and HAZ size (Kleine and Watkins, 2003; Meng et al., 2009).

2.3.3.2 Particularities of the procedure used to laser cut the NiTi tube and
dogbone samples

The laser system used to cut the dogbone samples from the flattened NiTi tube was a
marking laser system, model Easymark F20 from Rofin. It is a pulsed fiber laser with
wavelength of 1070 & 5 nm. The pulse width is fixed in bus, the nominal maximum power
is 18 W, and the pulse frequency ranges from 20 to 100 kHz. The material is removed by
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Figure 2.6: Pulser laser parameters, illustrating Pfeifer et al., 2010 results about the relation
between HAZ size and pulse width (¢,). For the same pulse energy (E,) the HAZ is smaller
for larger ¢, values.

ablation at ambient condition (no protective gas flow). The removed material is cleaned
by a vacuum system. The laser beam is fixed at the top part of the marking chamber and
can move covering a solid angle so that the laser spot can sweep an 120 mm x 120 mm
x 120 mm volume. This model can perform laser markings/cuttings on planar or curved
surfaces. In the first case the material to be marked/cut is positioned on the chamber
table surface. For curved surfaces, the material is clamped on a rotatory mandrill. A
CNC system controls the z axis position of the table and the angular position of the
mandrill.

Because this is primarily a marking system, the maximum pulse energy is rather
small. For that, in order to cut the NiTi material, the software was programmed to
perform multiple laser passes over a hatch around the desired shape. The laser and
hatch parameters used are listed on Table 2.1.

Table 2.1: Pulse laser parameters used to cut the NiTi tube material

Hatch parameters

Laser parameters

Pulse width Pulse power Pulse energy Pulse Frequency Cutting speed Spot diameter Width Number of passes
tp (us) P, (W) E, (1d) f» (kHz) v, (mm/s) Gspot (M) | Whate, (mm) -

5 3.6 18 20 200 0.02 ‘ 0.1 150

These parameters were chosen in order to minimize the HAZ and to achieve a good
finishing, according to the literature reports cited in section 2.3.3.1. To help heat dissipa-
tion, aluminium pieces were put in contact with the NiT1i surface during cutting process.
Figure 2.7 shows the laser chamber with the flattened tube (planar surface) and original
tube (curved surface) prepared to be cut.

A study was conducted to verify the influence of the laser cutting on the tensile
behaviour of the tube and to help decide the sample width. The next section explains
in more detail the methodology used in this study as well as its conclusions.
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Figure 2.7: (a) Easymark F20 marking laser system. (b) Laser marking/cutting chamber.
(c) Flattened tube positioned prior to dogbone sample cutting. (d) NiTi tube positioned to be
cut longitudinally, prior to shape setting.

2.3.3.3 Influence of laser cutting on the tensile behaviour

For comparison purposes, the dogbone samples cut in all five orientations (see Fig. 2.1b)
must have the same dimensions. The samples’ length is then limited by the sample cut in
the circumferential direction. In order to keep the samples’ aspect ratio (length/width)
as high as possible, the width must be the smaller possible. However, the laser cutting
leaves a HAZ which could only be minimized but not eliminated.

Therefore, a brief investigation concerning the effects of laser cutting was carried out
prior to the anisotropy study in the tube. The main objective is to define the minimum
tensile sample width with a minimum influence of the HAZ on mechanical behavior. In
this preliminary study it was used a Ni-rich 0.35 mm thick NiTi sheet (Ay, ., = -5°C).
Since the tube is more than twice thinner than this sheet, heat is more easily dissipated
during cutting. Thus, it is expected the HAZ in the tube material to be even smaller
than in this sheet.

Firstly, in order to homogenize the microstructure, the sheet was submitted to an
annealing at 800°C for 30 min followed by an aging at 400°C for 30 min, both followed by
water quench. From the homogenized sheet, four dogbone samples with different widths
L (1, 1.4, 2.2 and 2.8 mm) were cut by laser using the parameters on Table 2.1. These
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four dogbone samples were subjected to quasi static tensile tests at 60°C.

Figure 2.8 presents the tensile behaviour of these samples. It was concluded that
widths larger than 1.4 mm do not present significant change in mechanical behavior and
the width of L = 2 mm was chosen to the study of tube anisotropy. This width allows
good strain field measurement with digital image correlation technique.
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Figure 2.8: Results of tensile tests performed on a 0.35 mm NiTi sheet in order to evaluate
the laser influence on the NiTi mechanical behaviour. ¥,, is the nominal longitudinal stress
and €y, is Hencky longitudinal strain.

2.4 Experimental Set-up

Quasi static isothermal tensile tests were performed on the oriented samples. Tensile
tests were carried out in a Gabo Explexor 500N equipment under displacement control.
Tests were carried out in four temperatures to allow the evaluation of the anisotropy
temperature dependency of the material. Testing temperatures were chosen so that at
the start of tensile tests samples had an austenite microstructure, based on the DSC
results presented in Fig. 2.5. The chosen temperatures were 40°C, 50°C, 60°C and 70°C.
Each sample was submitted to only one tensile test. Prior to the isothermal tensile tests,
the dogbone samples were heated in boiling water for 1 min, so that all structure was
austenitic, and cooled to room temperature to ensure that all samples start tests with
the same structure.

After the completion of a superelastic cycle, samples were loaded until rupture. Figure
2.9 shows the stress profile applied, where ¥,, = F/A, is the nominal stress applied in
the longitudinal direction of the sample, with F' being the axial force and Ag the initial
cross section area of the sample. The nominal stress level attained at the end of the
superelastic cycle was dependent on the test temperature to allow the sample to attain
approximately the same strain level at all temperatures. Furthermore, the Cauchy (or
true) stress is calculated as o,,, = F//A where A is the current cross section area, obtained
from the hypothesis of volume conservation (Otsuka and Ren, 2005): A = Ag(lp/1), with
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lp and 1 being the initial and current gauge sample lengths, respectively. 1y = 10 mm
and Ay = sample width (L) x sample thickness = 2 x 0.165 mm?. A strain rate of
5 x 107*s7! was used, which was slow enough to avoid the effects of self heating (Elibol

and Wagner, 2015).

240°c = 750 MPa
2, =F/Ao Ys0c = 800 MPa
260:c = 850 MPa
270°c = 900 MPa

ZRumure

L=fT)

Time

Figure 2.9: Profile of nominal stress applied on the tensile tests.

Strain data acquisition was performed by digital image correlation technique. Figure
2.10a shows a representative example of the specular pattern on the surface of a sample.
A black speckle was applied on a white background. The zone of interest (ZOI) has
around 200 x 1000 pixels. The speckle allowed a 29 px x 29 px subset to be used in
the correlation analysis, performed with Vic2D software from Correlated Solutions. The
digital image scale is 0.01 mm/pixel.

Figure 2.10: (a) Clamping system in CAD, showing in more detail the cylinders used to
prevent slipping. (b) Example of speckle pattern used to measure strain maps on the sample
surface, with the dimension of the zone of interest in pixels.

The DIC analysis provides longitudinal, transverse and shear strain maps of the sam-
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ple surface (see Fig. 2.1 for reference frame nomenclature). The strain maps correspond
to the components of the Hencky strain tensor €., (M), €,,(M) and €., (M) in function
of the material point M. To plot the global mechanical behaviour, strain was averaged
over the interest zone (yellow rectangle) shown in Fig. 2.10a at each instant.

2.5 Conclusion

To study the anisotropy of the NiTi tube, it was shape set into a sheet form and then ten-
sile samples were laser cut in five orientations between drawing and transverse directions.
The influence of the shape setting and the laser cutting was analysed.

The shape setting parameters can be considered mild (450°C for 20 min) and, besides,
it was performed in one single step. It did release the superelastic behaviour in the
originally cold-worked material, as seen in the DSC result. However, literature reports
confirm that not even strong heat treatments are capable of erasing the anisotropy caused
by deep mechanical forming, as is the case of NiTi thin walled tubes (Robertson et al.,
2006). With this, it can be safely presumed that the anisotropy of the samples fabricated
through this shape setting process do not significantly differ from the original anisotropy
of the tube.

The laser cut was used to open the tube for the shape setting and, after, to cut the
dogbone tensile samples from the flattened tube. The cut process was performed with
a marking machine equipped with a pulsed laser system. Its maximum available pulse
energy is a lot smaller than in laser systems specific for cutting. Because of that, the cut
was performed by repeatedly applying the laser beam with low intensity pulse param-
eters. This cutting method, although more time-consuming, cause very little heating,
which reduces the HAZ. Nevertheless, a brief study was conducted and the laser cut
effect was minimized with the choice of a minimum sample width of 2 mm.

The tensile tests performed in the oriented samples give valuable information about
the anisotropic state of the NiTi tube. As discussed in the next chapters, global and
local behaviours can be extracted from the DIC strain fields, with data of longitudinal,
transverse and shear deformations. Because the tensile tests were carried out at four
temperatures for each oriented sample, both anisotropy and temperature dependencies
can be evaluated.
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CHAPTER
THREE

ANISOTROPY OF THE TEMPERATURE DEPENDENCE IN
THE SUPERELASTIC BEHAVIOUR OF NiTi THIN
WALLED TUBES: EXPERIMENTS AND
THERMODYNAMIC ANALYSIS

This chapter is written in the form of an article to be published soon. Because of that,
it contains sections summarizing the experimental set-up (presented in chapter 2) and
the thermodynamic approach (presented in chapter 1). Its main objective is to exam-
ine the anisotropy of thermomechanical properties related to phase transformation, es-
pecially to the superelastic effect: transformation strain, transformation stresses, stress
hysteresis and Clausius-Clapeyron coefficients. These properties are extracted from ten-
sile stress-strain curves in four temperatures. The temperature dependence is evaluated
and conclusions are drawn based on the performed thermodynamic analysis.
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3.1 Introduction

Nickel-Titanium (NiTi) alloys are the most successful Shape Memory Alloys (SMA).
They have the remarkable ability to totally recover strains of the order of 10% in tension.
This recovery can happen either by heating, known as the shape memory effect, or by
simple mechanical unloading, effect known as superelasticity. In many areas NiTi alloys
are a prosperous composition family of SMA. They are remarkably suitable for biomedical
applications due to their outstanding transformational properties, biocompatibility, good
corrosion resistance in physiological environments and for being much more mechanically
compatible with human tissues than the traditional stainless steels (Duerig et al., 1999;
Jani et al., 2014; Ryhé&nen et al., 1998).

NiTi alloys have increasingly been used in the form of thin walled tubes for the
fabrication of catheters and self-expanding stents. A review about evolution in stents
design (Bonsignore, 2004) showed that of all self-expanding stents, 90% use NiTi alloys
as material. They take advantage of the NiTi superelasticity for the stent implantation.
The review also showed that 65% of self-expanding stents are manufactured from thin
walled tubes cut by laser. The thin walled NiTi tubes need to be manufactured with
very good dimensional accuracy and surface finish to be used in the fabrication of stents.
These prerequisites can be more satisfactorily met from cold tube drawing processes
with the use of a mandrel (Poncin and Proft, 2003). This process involves initially hot
drawing of a hollow rod and a subsequent series of cold mandrel drawing to progressively
reduce thickness. The cold work is intermediated with short annealing heat treatments
to recover workability and allow further processing (Favier et al., 2006; Linardon et al.,
2014; Palengat et al., 2013). During the drawing process, the microstructure of the NiT1i
alloy becomes highly textured.

Superelasticity and shape memory effect in NiTi SMA are associated with a stress
or temperature induced phase transformation of its crystalline structure. The so-called
martensitic phase transformation takes place through ordered atomic movement. There-
fore, any significant alignment of crystallographic grains directly affects the mechanical
behaviour of the material and the more texturized the alloy, more anisotropic it is. A
considerable amount of experimental work can be found in literature about texture in
NiTi sheets and its associated anisotropy (see for example Gao and Yi (2003), Inoue et
al. (1996), Liu et al. (1999), and Liu (2015)). However, as analysed by Robertson et al.
(2005), drawn tubes and rolled sheets have very distinct textures. Indeed the authors
showed that the resulting texture is strongly dependent on the forming process. Hence
the several studies about the anisotropic mechanical behaviour of sheets do not apply to
the case of tubes.
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Literature works concerning the quantification of anisotropy of superelastic behaviour
of NiTi tubes are scarce. To the best of the authors’ knowledge, only two works directly
access the mechanical tensile behaviour in different orientations of NiTi tubes. Barney
et al. (2011) performed X-ray microdiffractions on micrometric tensile samples cut from a
tube in the longitudinal (0°) and circumferential (90°) directions and at 45°. They showed
that 0° and 45° samples have predominantly (111) and (100) type grains orientations,
respectively, along the deformation axis. Through a microstructural phase and strain
analysis they showed that the mechanical behaviour at 45° greatly differs from the other
two studied directions. The other work, from Robertson et al. (2006), calculated the
theoretical transformation strains of twelve variants of martensite from texture data of
drawn tubes. It resulted in the prediction of macro transformation strains in several
loading orientations relative to the drawing axis. Their predictions showed that at 45°
the attained strain is smaller than in the longitudinal and circumferential directions. No
work access the anisotropy of the temperature dependence.

In this context, this work investigates and analyses the anisotropies of the superelas-
tic behaviour and of the temperature dependence of a thin walled NiTi tube. Firstly, an
experimental investigation is carried out in order to address the anisotropy of the thermo-
mechanical behaviour of the tube’s material. The original tube is flattened and samples
cut along five orientations from the drawing direction are cut. The samples are submitted
to isothermal tensile tests at several temperatures above Ay. The experimental results
obtained at each orientation allow the calculation of key SMA properties and a clear
quantitative analysis of anisotropy. Afterwards, the observations from this first part are
examined from a thermodynamic point of view. This thermodynamic analysis addresses
the anisotropy of energy terms involved in a transformation cycle. The anisotropy of the
temperature dependence of these energy terms is also analysed, a dependence which is
typically neglected.

3.2 DMaterial and methods

3.2.1 NiTi tube and fabrication of tensile samples

A 50.8%atNi-Ti thin walled tube of outer diameter = 8.27 mm and wall thickness =
0.165 mm was used. This tube was manufactured by Minitubes SA (France). Figure 3.1
shows a scheme of the fabrication process of the tensile samples, together with samples’
final dimensions and nomenclature used in this work. The original tube was a tube
obtained after the last cold mandrel drawing. A section of this original tube was first
cut longitudinally using a pulsed optical fibre laser. This tube section was then flattened
through a one-step shape setting at 723 K (450°C) for 20 min in a resistive furnace
followed by water quench. The maximum strain to flatten the tube in a “sheet” form
was about 2.1% (in absolute value). This is negligible when compared to the strain to
which the material is subjected in the manufacturing process of the tube from the ingot.
From the flattened tube, dogbone samples were laser cut in five different orientations:
0 = 0° (drawing direction-DD), 6 = 22.5°, § = 45°, § = 67.5° and 6 = 90° (transversal
direction-TD). The €, and €, directions correspond to the longitudinal and transverse
directions of the dogbone samples, respectively.

Differential Scanning Calorimetry (DSC) analysis (model Q200 from TA Instruments)
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Figure 3.1: Scheme of fabrication process of dogbone tensile samples from NiTi tube, the
final dimensions of samples and adopted nomenclature.

was performed in samples of both original and flattened tubes. This technique was used
to verify the effects of shape setting process in the transformation behaviour of the tube.
The analysis was carried out between 373 K and 213 K with a 10 K/min rate. Figure
3.2 presents the DSC results for both original and flattened tubes.

The curve for the original cold-worked tube does not indicate the presence of phase
transformation. The curve for the flattened tube presents two peaks during cooling and
heating. They are associated with Austenite to R-phase transformation (A—R), since
little peak energy (=~ 4.3 J/g) and small temperature hysteresis (=~ 5 K) are observed
(Otsuka and Wayman, 1998; Zheng et al., 2008). Transformation temperatures were
extracted by slope-line-extension method and are: R, = 302 K; Ry = 283 K; A, = 286
K; A; = 305 K.

Robertson et al. (2006) used a flattening process similar to the above process. They
showed that there is no significant texture difference between the NiTi tube and a sample
cut from a flattened tube. Moreover, they showed that the texture of NiTi tube is not
altered when submitted to strong heat treatments. On the contrary, the texture is
intensified by the heat treatements.

3.2.2 Isothermal tensile tests

The dogbone samples were subjected to isothermal, strain controlled tensile tests in
a Gabo Eplexor 500N testing machine at a strain rate of 5 x 107% s~!. Tests were
performed at four temperatures: 313 K (40°C), 323 K (50°C), 333 K (60°C) and 343
K (70°C), as indicated in Fig. 3.2. Different oriented samples were used for tests at
each temperature. The tensile tests consisted of loading to a stress set point, followed
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Figure 3.2: DSC results for the original tube (cold-worked) and for flattened tube (after shape
setting at 723 K for 20 min).

by unloading to zero force. The stress set points were chosen differently for each testing
temperature to allow the observation of mechanical response after the end of stress
plateau. They were: 750 MPa, 800 MPa, 850 MPa and 900 MPa for the tests at 313
K, 323 K, 333 K and 343 K, respectively. An additional loading until rupture was
performed for the tests at 313 K, 323 K and 333 K. Prior to each test the samples were
heated in boiling water for some minutes and subsequently cooled by natural convection
before being exposed to the testing temperature. Testing temperature was imposed
with an accuracy of &1 K by the resistive air furnace of the machine, which has fanned
convection.

The furnace lid contains a transparent crystal window, allowing strain measurement
with 2-D Digital Image Correlation (Digital Image Correlation). This is a non contact
measurement technique that provides the strain maps over the surface of a sample. This
is performed through search and track algorithms applied to the digital images captured
at constant intervals during specimen deformation. In our study the Vic2D software from
Correlated Solutions was used. The strain maps correspond to the longitudinal e, (M)
and transverse £,,(M) and shear e,,(M) components of the Hencky strain tensor in
function of the material point M.

In this work, logarithmic tensile strain €,, at each instant is calculated as the mean
of €,,(M) inside an observation zone in the sample gauge area. Axial nominal stress is
calculated as X, = F'/Ay where F is the axial force and Ay is the initial cross section
area (Ay = sample width (L) x sample thickness = 2 x 0.165 mm?). Cauchy (or true)
stress is calculated as o, = F//A where A is the current cross section area. A is obtained
from the hypothesis of volume conservation (A = Ag/ev).
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3.3 Thermodynamic framework of thermoelastic marten-
sitic transformation

This section aims to provide a background on the thermodynamic framework used in
this work to calculate and discuss some of the analysed properties. The approach used
in this article is based on the works of Ortin and Planes (Ortin and Planes, 1988, 1991,
1989) and Wollants et al. (1993). The martensitic transformation is considered as a
solid-to-solid, diffusionless, first order, reversible transition.

This approach is expressed at the scale of a representative element volume (REV).
The free energy change dG per unit mass of REV over an infinitesimal step f,, of trans-
formation for a thermoelastic martensitic transformation in a polycrystalline matrix is
expressed as (Ortin and Planes, 1989; Wollants et al., 1993):

dG = (AHu, — TAS,)dfm + 0Egy + 6Ep, — SW = (3.1)

m

where:

e f,, is the mass fraction of martensite, defined in the REV. In full austenitic state
fm =0, in full martensitic state f,, = 1 and infinitesimal steps are 0 < df,,, < 1;

e AH,, is the specific enthalpy of transformation per mass unit of transforming
material, understood as the difference between the two chemical specific enthalpies
of the martensite and austenite phases: AH., = HM — H4;

e AS,, is the specific entropy of transformation per mass unit of transforming ma-
terial, understood as the difference between the two chemical specific entropies of
the martensite and austenite phases: AS,, = S% - Sﬁl;

e T is temperature;

e ) F accounts for the elastic energy stored in the REV by an infinitesimal step df,,
of the transformation at the stage corresponding to f,,.;

e )Fy, accounts for the energy dissipated by the infinitesimal step df,, of transfor-
mation at the stage corresponding to f,;

e OW/r . represents the external mechanical work per unit mass of the REV required

to induce the infinitesimal step of transformation at the same stage.

The occurrence of a stress induced martensitic transformation is determined when
the Gibbs free energy of the REV (G) reaches a minimum, which is expressed by the
condition (dG = 0). In derivative form, this condition results in:

9G /
o — T AHe, — TASe + Bl + By — W, =0 (3.2)

where:
e (&' is defined by dG = (0G /O fu)df n = G'df ;
L4 5Est = (5Est/5fm)dfm = E;tdfma
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® 6Ef7“ - (6Ef7°/6fm)dfm = Elfrdfma

o Wi = WL /8 fu)Afon = Witkopf .

In Equation 3.2, all terms are expressed as energy per unit mass of transforming
material in J/kg and are algebraic values. The infinitesimal martensite mass fraction
step df,,, is positive during forward transformation (austenite to martensite, A—M) and
negative during reverse transformation (martensite to austenite, M—A).

The specific enthalpy and entropy changes, respectively, AH., and AS,,, origi-
nate from the difference in atomic arrangement between the two phases. They are both
considered constant for a given transformation in a given alloy system. HM < H% and
SM < 84 leading to AH,, = HM — H4 < 0 and AS,, = S¥ — 54 < 0. Also, the
heat capacities of austenite and martensite are assumed equal (Delobelle, 2012; Wollants
et al., 1993).

The stored strain energy term, d F, includes the elastic energy associated with
the accommodation of the shape and volume changes of the transformation. This energy
is stored in the system during the forward transformation (0 Eg > 0) and progressively
released with the reversion of martensite to the parent phase (JEg < 0). As df,, >
0 during forward transformation (A—M) and df,, < 0 during reverse transformation
(M—A), £, > 0 for both forward and reverse transformations.

The dissipated energy term, 0Ey,, is the sum of all energies consumed during
phase transformation. It includes frictional work associated with the moving of internal
defects and transformation phase boundaries (Wollants et al., 1993). As 0Ey, is always
dissipated, its value is always positive for both forward and reverse transformations. As
df, > 0 during forward transformation (A—M) and df,, < 0 during reverse transfor-
mation (M—A), £ > 0 for the forward transformation and E}, < 0 for the reverse
transformation.

The external mechanical work, 0W!" . is expressed as function of the macro-
scopic strain and stress tensors at the level of the REV, according to continuum mechan-
ics theory. In a tensile test the external mechanical work per unit mass is accounted as
OWineeh = %ade. The volumetric mass density, p, is considered in this work as p = 6450
kg/m3, o is the applied tensile Cauchy stress (or true stress) and de is the increment
of logarithmic strain. If plastic deformation is negligible, the strain increment can be
divided in two summands, an elastic strain increment and a transformation strain incre-
ment:

de = deg + dey, (3.3)

From this division the external mechanical work can be written as:

5Wmech = 6W§7fech + 5W:r1;ech (34)
Which gives the external mechanical work to induce transformation
tr 1
5Wmech = ;O'dgtr (35)

In this paper, the increment dey,. is assumed proportional to the infinitesimal step
dfn (Pelton et al., 2015): dey, = df,,Aey., where Agy, is the tensile transformation strain
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for a complete transformation. Thus, W, , = %UAEW. Therefore, for a tensile test, Eq.
3.2 reads:

1
G'=AH., —TAS,, + E., + E}T — ;aAgtr =0 (3.6)
Now, isolating the tensile Cauchy stress in Eq. 3.6 one obtains:

__p
AEtT

o [AH., — TAS., + E., + E}T] (3.7)
Equation 3.7 dictates the energy balance of the thermodynamic system (constituted
by the two-phase transforming material) at each o,7 pair. While the enthalpy and
entropy changes are function of composition only, the terms of transformation strain,
storage and frictional energies can be function of martensite fraction and temperature.

Differentiating Eq. 3.7 with respect to temperature the general form of the Clausius-
Clapeyron relation is obtained. At a given martensite fraction f,:

do_ p
dT_Agt»,«

(3.8)

E, OF] A
<—Asch n 8 st fr) g 8 Etr

oT or | Ae, OT

In Eq. 3.8 the terms of transformation strain, stored and dissipated energy are
often assumed to be independent of temperature. Then, the classic Clausius-Clapeyron
relation is obtained, where C is the Clausius-Clapeyron coefficient for a given phase
transformation:

do B PAS.,

C:ﬁ: AEtr

(3.9)

3.4 Experimental results

Figure 3.3 contains a set of X,,-logarithmic ¢, strain curves for five orientations ¢ and
four testing temperatures 7T. For clarity purposes, the last loading up to rupture is
omitted in this figure and is presented further in the article (see Fig. 3.6). Perfect
superelastic behaviour is observed for all orientations and testing temperatures, with
negligible residual strain after unloading.

The curves in Fig. 3.3 show that the strain achieved at the end of loading varies with
orientation, as well as the plateau stress, although to a lesser extent. Unlike the other
orientations, it is notable that at # = 45° the material does not present a well-defined
stress plateau. The absence of a plateau is an indication of a non-localized deformation
(Bechle and Kyriakides, 2016; Sittner et al., 2005), which was confirmed through the
strain maps of DIC (presented in Chapter 4).

The testing temperature has little influence on the strain levels. Stress levels rise
with testing temperature for all orientations, as expected in NiTi alloys according to the
Clausius-Clapeyron relation.
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Figure 3.3: Nominal tensile stress versus logarithmic strain plotted for each orientation at 313
K, 323 K, 333 K and 343 K. The thickness of the line decreases with increasing temperature.
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3.5 Discussion

In this section thermomechanical key properties of NiTi are presented and discussed. A
quantitative analysis of the anisotropic behaviour of transformation strain, stress, stress
hysteresis and Clausius-Clapeyron coefficients is performed. The methodology used for
calculations is presented along with the property itself.

3.5.1 Qualitative analysis of the anisotropy of mechanical be-
haviour

From the stress-strain curves of Fig. 3.3 it is possible to qualitatively infer a strong
anisotropy in the mechanical behaviour of the NiTi tube. The strains at the end of
loading are very dependent on the orientation. The plateau stresses are to a less extent
also orientation dependent. The overall observation is that the mechanical behaviour
evolves almost symmetrically from 0° and 90° directions towards 45°.

The shape of stress-strain curves at 45° from the drawing direction is very distinct
compared to the other orientations. Besides reaching the smaller strain at the end of
loading, this orientation has a very smooth mechanical behaviour with some degree of
hardening. The origin of this distinct mechanical behaviour is attributed to the texture
induced by the drawing process of the tube (Robertson et al., 2005, 2006). Texture mea-
surements performed by Barney et al. (2011) in a NiTi tube flattened through a shape
setting process show that a specimen cut along the 45° orientation contains predomi-
nantly (100)-type grains.

Indeed the tensile behaviour of (100) NiTi single crystals measured by Gall et al.
(1999) resembles those of Fig. 3.3 for the 45° orientation. The authors show that
(100)-type grains present strong transformation hardening under tension, which seems
to hinder the stress-induced martensitic transformation compared to other single crystal
orientations, as well as cause early rupture. Therefore, less transformation strain is
observed in this direction.

Another feature of the anisotropy of NiTi tubes observed in the results of Fig. 3.3 is
the symmetrical tendency of mechanical behaviour from 45° orientation towards drawing
and transversal directions (0° and 90°). In both senses — from 45° to 0° and from 45° to
90° — the strain at the end of loading increases and the plateau stress decreases for tests
at the same temperature. Barney et al. (2011) and Bechle and Kyriakides (2016) also
pointed out the similarities of mechanical behaviour between drawing and transversal
directions in NiTi tubes. According to texture measurements, samples cut from thin
walled NiTi tubes along the drawing direction have predominantly (111) grains (Barney
et al., 2011; Robertson et al., 2006), while samples cut along the transversal direction
have a mix of (111) and (110)-type grains (Robertson et al., 2006). The tensile tests
in NiTi single crystals performed by Gall et al. (1999) show that both (111) and (110)
grains reach substantial larger strains than (100) grains at the same stress level, besides
presenting a well-defined stress plateau.
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3.5.2 Anisotropy of the austenite elastic modulus (E)

The estimation of elastic modulus of a transforming material from a stress-strain curve
can be rather inaccurate. This happens because, associated to pure elasticity, other
mechanisms of deformation are involved in the deformation process. In the case of NiTi
the phase transformation, martensite reorientation and/or plasticity may contribute to
lower the measured elastic modulus. Liu and Xiang (1998) analysed the measurement of
elastic modulus from stress-strain curves of a near-equiatomic NiTi alloy. As a conclusion
the authors suggested that the largest value ever measured should be taken into account.
Therefore, the true value of E will always be expected to be greater than the typical
measurements from stress-strain curves.

Following this reasoning, the elastic modulus E of the austenite is measured at the
very beginning of the true stress (oy,) versus logarithmic strain e,, curves at testing
temperature 7" = 333 K. This zone has less phase transformation influence. Figure
3.4b shows the o, — ¢, curves (right ordinate axis) at 333 K for all orientations, along
with slopes do/de (left ordinate axis) as a function of strain. Figure 3.4a shows with
more detail the behaviour of do/de at the beginning of loading. The elastic modulus
at each orientation, E(6), was determined by linear regression of do/de in the range
0% < €4y < 0.5%.
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Figure 3.4: (a) Local slopes do/de at the beginning of loading for all orientations at
T = 333 K, showing the overall tendency when ¢,, = 0 and an example of linear regression
and methodology for calculation of E(#). (b) oy, — €y, behavior (right axis) and local slopes
do/de (left axis) for the whole strain range.

Figure 3.5 shows the extracted E(f) values. Little orientation dependence is observed.
No anisotropy of the austenite elastic modulus E is measured from the results obtained
in the present paper.

A mean value of E = 70 GPa is considered and used in this work. This value is
a typical elastic modulus value for austenite phase (Alonso, 2015). Bechle and Kyri-
akides (2016) have also reported similar elastic modulus values for austenite phase after
performing tensile tests in NiTi tubes: 66.8 GPa and 65.7 GPa for longitudinal and
circumferential directions, respectively.
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Figure 3.5: Elastic modulus extracted from tests at 333 K (blue), mean value of 70 GPa (red)
and indication of standard deviation of £3.9 GPa.

3.5.3 Inelastic stress-strain curves

Inelastic strain &, was obtained by subtracting the elastic strain e, = oy, /E from the
global mechanical behaviour: ¢;, = oy, — g,,/E, with E = 70 GPa for all orientations.
Figure 3.6 presents the tensile true stress o,,- logarithmic inelastic €;, strain curves,
plotted for each testing temperature, including loading until rupture for tests at 313
K, 323 K and 333 K. Except for plateau stress, the overall behaviour of all samples is
similar for all temperatures. Some cycling effect was observed between the first and
second loadings but mainly in the stress level and practically negligible on strain.

3.5.4 Anisotropy of the transformation strain (Acg,)

Among the different methods to measure transformation strain, the plateau strain —
which is simply the length of the stress plateau in a stress-strain curve — has been a
very recurrent method used for superelastic alloys. It was once associated with the total
transformation strain, in which the material is fully transformed into martensite. Now
it is known that the plateau strain is in fact associated with the deformation of only the
most favourably oriented martensite variants. In order to complete phase transformation
the less favourably oriented variants still need to transform. This takes place as the stress
resumes increasing right after the plateau (Liu, 2015). In other words, the transformation
keeps going on even outside the stress plateau (Favier et al., 2007).

There are other evidences that martensitic transformation completion does not coin-
cide with the end of stress plateau (Favier et al., 2007; Liu, 2015; Sittner et al., 2005).
One work in particular (Pelton et al., 2015) shows that at the end of macroscopic stress
plateau the martensite fraction has reached around 85%. These measurements were per-
formed with neutron diffraction technique, which allows to compute the behaviour of the
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Figure 3.6: True tensile stress versus inelastic strain curves as function of testing temperature.

bulk material.

Therefore, instead of the plateau strain, total transformation strains are estimated in

this work. Transformation strains (Aey,.) were determined from the o,,- logarithmic ¢;,
strain loading curves until rupture, plotted in Fig. 3.6. The procedure to estimate Agy,
is based on the following:

e [t was considered that there is a region of the loading curve after the stress plateau

for which no plastic strain was experienced by the samples. Two facts give support
to this assumption. On one hand, no residual strain was observed after the first
cycle unloading; it means that there is no plastic deformation for strains lower than
the maximum strain reached in the first cycle. On the other hand, seen the trend
of loading curves until rupture in 3.6, it is likely that negligible plastic strain was
experimented by the samples. The fact that the do/de ratio is still increasing at
the end of loading for all orientations (see Fig. 3.4b) is also an indication of the
absence of plastic deformation. This is consistent with the amount of cold-work
to which the tube was submitted during manufacturing process. Moreover, the
0yy — Ein curves do not show any change of curvature between the end of stress
plateau and the rupture point (except for the sample § = 0° tested at 323 K).

e Elastic moduli of austenite and martensite are equal when true stress is used
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(Alonso, 2015; Wagner and Windl, 2008). With this, when the material com-
pletes transformation (martensite fraction f,, = 1) in the absence of plasticity, the
oyy — €in curves would tend to a vertical line.

e Because of that, the function in Equation 3.10 was used to fit the final portion
of the oy, — &;, curve between a point P and the rupture point, as schematically
illustrated in Fig. 3.7. The tanh function was chosen because it reaches smoothly
a constant value. op, ep and a are the true stress, inelastic strain and local slope
at point P, respectively.

Oyy —OPpP
€in —€p = (Agy — ep) tanh | a2—-— (3.10)
Agtr —Ep
6+#45°
Astr
I
6=45° 1]
Aey, { 7
] 4
I /,’
4
2
6 P
0=45°
0 # 45°
Experimental curve
Portion of experimental curve used in
the fitting process (from point P)
Curve fitted with a tanh function (Equation 7) = ===

€in
Figure 3.7: Methodology used for the estimation of transformation strain from curves of
loading until rupture, which can be applied with or without the presence of a stress plateau.

Figure 3.8 shows the result of fitting for all orientations and testing temperatures.

o ©
o 120 1200 A’
= 1000 1000 =
< <

X 800+ 800 X

> >
N] N]

T=313K (40°C) | T=323K(50°C) | T=333K(60°C) 2o

] 1 2 3 6 7 8 90 1 2 3 6 7 8 9 0 1 2 3 6 7 8 9

&in ((yi)) &in (0/:)) Ein (0/50)
Figure 3.8: Results of fittings with Equation 3.10 for estimation of transformation strains
(Agy). The thick zones are the final portions of the o,, — €;, curves that were used in the
fitting process.

Figure 3.9 shows the dependence of Agy, on orientation, determined using the previous
methodology.
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Figure 3.9: Transformation strain (Aey,) values for all orientations and tested temperatures.

The following observations can be made regarding the orientation and temperature
dependencies:

e Ag;,. is mostly independent of the testing temperature for all directions. The
highest variation occurred at 0°, with small standard deviation of 4%.

e Because of that, mean values of Ag;, are considered for each orientation and were
plotted with a thicker line. A very strong anisotropy is observed. This anisotropy is
almost symmetric with direction 45° as “mirror direction”. The greatest difference
reached 58%, between 45° and 90°.

A similar dependence was found experimentally by Robertson et al. (2006) for a
flattened NiTi tube with 0.7 mm of wall thickness. However, the authors do not present
their experimental curves and say only that the strain values correspond to the end of
the stress plateaus. They also comment on how this shape of Ae;,. — 6 curve is consistent
with paths of fatigue cracks in NiTi tubes, which preferentially follow the 45° direction,
the direction that “requires the lowest strain energy to form martensite”.

In his study about the anisotropy of a NiTi superelastic sheet, Liu (2015) observed
that the recovery strain is independent of the sample orientation. The recovery strain
is measured upon unloading after tensile loads up to 10% of global strain. Using the-
oretical transformation strains (calculated from texture measurements) they concluded
that this orientation independence happens because the recovery strain is related with
the transformation of both favourably and unfavourably oriented martensite variants. It
is also worth noting that the degree of transformation of each sample was not the same
at 10% strain, since some samples were deformed beyond the stress plateau and others
not.
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3.5.5 Anisotropy of forward and reverse transformation stresses

When a stress strain curve has a well defined stress plateau, the transformation stresses
are generally defined as being the stress levels of the plateaus. In the absence of a plateau,
the transformation stresses can be determined using the tangent intercept method along
the stress strain curve. The stress-strain results presented in Fig. 3.3, however, show
that the superelastic material of the tube can have these two behaviours, depending
on the orientation. Then, for comparison purposes, the procedure for obtaining the
transformation stresses had to be standardized.

The method used in this work was to measure the transformation stresses oy, at the
same level of martensite fraction. Forward and reverse transformation stresses were then
extracted at €;, = Aey,.(0)/2, where Ae,.(0) is the total transformation strain of each
orientation. This is hypothetically equivalent to f,, = 0.5, assuming a linear relation
between inelastic strain and martensite fraction f,, (Stebner et al., 2015).

Figure 3.10a presents the variation of oy, for forward and reverse transformations with
0 for all testing temperatures. The overall trend of the curves is an increase of o, from
0° to 45° followed by a decrease from 45° to 90°. However, less anisotropy is observed
for the stresses for forward (A — M) than for reverse (M — A) transformation.

0° 22.5° 45° 0° 22.5° 45°
900 - 300
ransformation stres Stress hysteresj
800 313 K (40°C) 313 K (40°C)
Ao 250 ,
K (60°C) 333 K (60°C)
" o
200 343 K (70°C)
~
<
o
§150 .
67.5° 2 67.5
© 100
50
0 A 90° 0 b b 90°
0 100 200 300 400 500 600 700 800 900 0 50 100 150 200 250 300
o (MPa) o™ (MPa)

Figure 3.10: (a) Polar plot of transformation stresses at loading (forward transformation,
A — M) and unloading (reverse transformation, M — A) defined at f,, = 0.5. (b) Stress

hysteresis, calculated as the difference between transformation stress of loading and unloading
( hys _ _A—M _ 0.5\4*)14)
” .

This difference between loading and unloading implies that exists an anisotropy in the
stress hysteresis. The stress hysteresis, defined as o1¥* = gA~M — M4 wag calculated
from the data in Fig. 3.10a and is shown in Fig. 3.10b. af”rys is smaller at 45° and higher
at 0° and 90°.

In stress-induced phase transformation the hysteresis observed is caused mostly by
dissipative processes which are associated mainly to the frictional work due to interfacial

motion (Hamilton et al., 2004). Indeed, Barney et al. (2011) showed that tensile loading
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at the 45° orientation leaves behind islands of untransformed material due to its predom-
inant texture. Based on this, it is possible that the more restricted lattice movement
in the 45° sample could hinder the interfacial motion. The restricted movement at 45°
is caused by its probable predominant grain orientation, as discussed in Section 3.5.1.
Therefore, less energy dissipation and smaller hysteresis were observed in this sample
compared to other orientations.

3.5.6 Anisotropy of Clausius-Clapeyron coefficient

Clausius-Clapeyron coefficients (C') were calculated as being the slope of oy, versus T
curves, thus at f,, = 0.5, for forward and reverse transformations.

Figure 3.11 shows the Clausius-Clapeyron coefficients for all orientations. A strong
anisotropy is observed. Besides the anisotropy of both CA7M and CM=4 coefficients,
two other behaviours are observed:

o C47M ig always smaller than CM—4;

e and the difference CA7M — CM=4 is very anisotropic.

These observations are discussed in more detail in Section 3.6 in a thermodynamic
analysis.

0° 22.5° 45°

—_
o

lausius-Clapeyr
Coefficient

© ©

CM,)A (Un\oad\

51 C3n
“92q) 67.5°

Clausius-Clapeyron coefficient, C (MPa/K)

o M 9o
o 1 2 3 4 5 6 7 8 9 10

Clausius-Clapeyron coefficient, C (MPa/K)

Figure 3.11: Clausius-Clapeyron coefficients for forward (C47M) and reverse (C™—4) trans-
formations at f,, = 0.5.

3.6 Thermodynamic analysis of the anisotropy

The experimental results are now analysed using the thermodynamic framework pre-
sented in Section 3.3.
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3.6.1 Orientation dependence of the product C'Ag,,

Equation 3.9 states the relation between external stress and temperature usually applied
for a thermoelastic phase transformation. This form of the Clausius-Clapeyron equation
is widely used for SMA. If this equation applies, the product C'Ae,. should not depend
on orientation. This is because the entropy change AS,;, and mass density p depend only
on the composition of the phases.

However, observing the curves in Fig. 3.12 one can see that the product C'Agy, is in
fact very orientation dependent. Considering the general form of the Clausius-Clapeyron
relation written in Eq. 3.8, this result indicates that the storage and frictional energies
might be temperature dependent.

0° 22.5° 45°
0.7
cA

tr

0.3} 67.5°

4

4 7,

“4«,10 %{,@
Q)

H ; ; 7 e ; 90°

0 0.1 02 03 04 05 06 07

CAey, (MPa/K)

Figure 3.12: Product of Clausius-Clapeyron coefficients and transformation strain, showing
an orientation dependent behaviour.

3.6.2 Temperature dependence of frictional work and stored
elastic energy

In order to further investigate the temperature dependence of the frictional work and
stored elastic energy terms, let us consider Eq. 3.7. Re-writing it for the forward and
reverse transformations separately, respectively, gives:

oM (fn T) = = [AHa = TAS + B (0 T) + EZY (T (301)

with B M (f,,,T) > 0 and EZ =M (f,,,T) > 0;

oM=A(f T) = A” [AH., — TASuy + EM=A(f0, T) + EM=A(f0, )] (3.12)

Etr
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with E'74(f,n,T) > 0 and EM=4(f,,,T) < 0.

Subtracting Eq. 3.12 from Eq. 3.11 one obtains the non-chemical energy variation
within a transformation cycle:

p
(0™ =t ) = Ac (Bl + Ep )M — (BL— | By DM )
- (3.13)

P '
= AFE T
Aftr (f’m7 )

where the notation | £, | is adopted to make explicit the sign of this term, avoiding any
ambiguity.

Equation 3.13 states that (o7 "M —0)=4) ;.. 7 is directly proportional to AE'( f,,, T).
This term accounts for the total variation of the irreversible energy between autenite-
martensite transformation.

The dependence of AE'(f,,,T) with temperature is analysed for the specimens cut
along 45° from the drawing direction. The mechanical behaviour in this orientation does
not experience the localization phenomenon and thus the martensite fraction dependence
can also be evaluated. Figure 3.13b illustrates the behaviour of AE'(f,,, T).

1000 . : : : : : : 0.95 :
C
= 0.9+ |
Ay
= oe5
2
S 0.8+
—
o0
1.5 : : : : ; . = 075 1
313 K (40°C) b —
1.2 m 07
— 333K (60°C) Zq
°0 343K (70°C)
\ L 4
= 09 0.65
=
& o6 06+
<
0.3 Range of independence with f, 0.55
ol | ‘ ‘ ‘ ] ‘ | 05 ‘ |
0 01 02 03 04 05 06 07 08 09 1 313 323 333 343
Eyy/ Dety =fm Temperature (K)

Figure 3.13: (a) True stress versus estimated martensite fraction at different temperatures
for specimens cut along § = 45°. (b) Difference between loading and unloading stresses plotted
in (a). (¢) Temperature dependence of the term AE’ extracted from (b) as the mean value in
the range of independence with f,,.

To the most part AE’ does not depend on f,,. It clearly depends on temperature,
though. Figure 3.13c shows graphically AE’(T) as function of test temperature, cal-
culated as mean values in the f,, range where it is constant. AFE’ decreases linearly
with increasing temperature. This dependence on temperature is generally neglected,
especially in the Clausius-Clapeyron equation.
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3.6.3 Origin of the difference between forward and reverse Clausius-
Clapeyron coefficients

The consequences of the aforementioned temperature dependence on the Clausius-Clapeyron
relation are now analysed. The general form of Clausius-Clapeyron equation (Eq. 3.9)

is written in Eq. 3.14 and Eq. 3.15 for the forward and reverse transformations, re-
spectively. Since transformation strain does not depend on temperature, this term is
neglected hereafter.

d A—M E/A_>M aE’AaM
CcAZM — (d:i) = A’; ~ASg, + 0 8tT - éT (3.14)
tr
do M—A p aE/MHA 8‘E’MAA
M—A _ [ *Y _ o st o Jr
C _,<dT> ol G o (3.15)

Subtracting the coefficient C' for reverse transformation from the coefficient for for-
ward transformation (Eq. 3.14 minus Eq. 3.15) one gets:

CA-M _ oM—a _ P

3.16
Acr (3.16)

oT aT

O(Ey + E5,)"M o(Ey— | By, I)M*A]

According to Eq. 3.13, the term inside the square brackets in Eq. 3.16 is equal to:

O(Eg + E5,)"M o(Ey— | B, )M

or or

_ OAE
- aT

(3.17)

From Eq. 3.16 and Eq. 3.17, the difference between C47M and C™~4 is caused by
the fact that OAE'/OT # 0.

As shown in Fig. 3.11, CA7M < CM=4 for all orientations. This difference is com-
monly observed in NiTi alloys and some authors have attempted to explain it. Liu and
Yang (2007), concluded that C47M < CM—=4 hecause the transformation strain is big-
ger for loading (A — M) than for unloading (M — A). Thus, as Clausius-Clapeyron
coefficient is inversely proportional to transformation strain (see Eq. 3.14 and 3.15),
CAZM < OM=4 However, they consider the transformation strains to be the lengths of
forward and reverse stress plateaus. This premise is somewhat amiss, since it has been
found evidence that martensitic transformation completion does not coincide with the
end of the plateau (Favier et al., 2007; Sittner et al., 2005). In our opinion, the transfor-
mation strain is equal for forward and reverse transformations and then the explanation
suggested by Liu and Yang (2007) would not be valid. The presented experimental re-
sults and the performed thermodynamic analysis show that OAE’/OT # 0 is a more
thermodynamically reasonable explanation for CA=M £ CM—=4,

Furthermore, as stated in Eq. 3.16 and Eq. 3.17, the nature of the relation be-
tween AE’ and temperature determines the relation between C4~M and C™~4: since
OAFE'/OT < 0 (see Fig. 3.13c), CA™M < 0M=4,

By definition, AE’ is a term computing both of stored elastic energy and friction
work contributions. However, while the friction work accumulates during forward and
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reverse phase transformation, the stored elastic energy is accumulated during A — M to
be mostly spent during the M — A transformation. According to the thermodynamic
framework presented in Section 3.3, this is true once the macroscopic shape is totally
recovered. This suggests that, at the end of a superelastic cycle, the dissipative energy
is likely to have a stronger influence on the difference between CA7™ and CM—=4,

3.7 Conclusion

The anisotropy of the temperature dependence of superelastic SMA was studied through
the experimental characterization and thermomechanical analysis conducted in a thin
walled NiTi tube. From the experimental data, the following conclusions are drawn:

1. Full transformation strain depends strongly on orientation but not on temperature.
The lowest transformation strains were measured at 45° from the drawing direction.
An almost symmetric profile was observed from this orientation to the drawing (0°)
and transversal directions (90°). Variations of transformation strain reached 58%
between orientations.

2. Transformation stress is also anisotropic. However, stress for reverse transforma-
tion is more orientation dependent than for forward transformation.

3. Clausius-Clapeyron coefficients of forward and reverse transformations are signifi-
cantly anisotropic. Besides, the coefficient for reverse transformation is higher than
for forward transformation for all orientations.

Supported by our experimental data, the following conclusions are achieved concern-
ing the thermodynamic analysis:

1. The temperature dependence of the stored and dissipated energies is not negligible
as typically assumed in the Clausius-Clapeyron equation. This conclusion is drawn
based on the fact that the product of Clausius-Clapeyron coefficients and total
transformation strain strongly depends on orientation.

2. Irreversibilities of the phase transformation are due to specific stored elastic energy
(E};) and specific frictional energy (£%,). The difference AE" between (EY, + EY,)
during loading (forward A — M transformation) and unloading (reverse M — A
transformation) of a superelastic test decreases with increasing test temperature.

3. The dependence of AE’ on temperature is the cause for the Clausius-Clapeyron
coefficient of forward transformation (C47*) to be smaller than the Clausius-
Clapeyron coefficient of reverse transformation (C*=4).
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CHAPTER
FOUR

EFFECT OF ANISOTROPY ON THE STRAIN
LOCALIZATION PHENOMENON DURING TENSILE TESTS

This chapter examines the strain distribution during tensile tests at different orientations
in o NiTi tube. It particularly analyses the anisotropy influence on the strain localiza-
tion phenomenon. Transformation fronts are identified using strain rate maps calculated
from Digital Image Correlation (DIC) results. The phenomenon is examined throughout
loading and unloading, during which the angle between the band and the tensile direction
is measured. A plasticity approach is used to predict the band angle at different tensile

orientations.
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4.1 Introduction

4.1 Introduction

Despite the undeniable potential of SMA, some of its typical phenomena hinders the
development and improvement of engineering applications. Such phenomena are, for ex-
ample: thermomechanical coupling, tension-compression asymmetry and heterogeneous
deformation, all complex to model and simulate. The last one, also referred to as strain
localization, is a heterogeneity from the micro to the macro scale. It appears as in-
compatibilities of crystallographic habit planes between austenite and martensite phases
(Sedmak et al., 2016a), as well as is observable in tensile samples.

In practice, the localization phenomenon in SMA causes some inconveniences as:
difficulties to perform an accurate characterization of the material mechanical behaviour
(Hallai and Kyriakides, 2013); structural instabilities such is the case of tube bending, in
which besides the tension-compression asymmetry, the tensioned side experiments strain
localization (Bechle and Kyriakides, 2014; Reedlunn et al., 2014); and the negative
impact it has on cyclic behaviour, reducing fatigue performance (Zheng et al., 2016) by
cumulation of surface damage (Sedmak et al., 2016a).

In SMA, the localization phenomenon takes place in NiTi alloys when tension is the
dominant mode of mechanical loading (Sittner et al., 2005). It is characterized by the
appearance of a velocity discontinuity which constitutes a boundary between domains of
transformed and untransformed material. The form of these boundaries depends on the
sample geometry. In strip samples it is recognizable as inclined straight bands (Shaw
and Kyriakides, 1997). The amount and distribution of these domains depend on some
factors, like: nominal strain rate applied during loading, grain orientation (texture) and
the direction of applied load.

In polycrystalline NiTi alloys it is generally accepted that most aspects of strain
localization are explained by the relation between stress mode and texture. According
to some literature reports, certain textures favour the development of localization bands
while others hinder the phenomenon (Barney et al., 2011; Reedlunn et al., 2014). It has
been demonstrated in NiTi tubes, for example, that the deformation is homogeneous
under compression because the grains with higher critical transformation stress are more
scattered compared to tension (Mao et al., 2010). In other words, tube texture seems to
promote a uniform distribution of grains that transform easily under compression, while
the grains that transform easily under tension are more concentrated.

Therefore, given that the strain localization is closely related with crystallographic
texture, it is correct to state that this phenomenon is closely related to the anisotropic
state of the material. With this in view, the objective of this chapter is to analyse
the strain localization occurring in tensile samples cut at different orientations from the
drawing direction of the NiTi tube. The phenomenon is studied using digital image
correlation (DIC) strain maps.

Furthermore, Hill (1948, 1952) theory for localized necking, developed for plastic
yielding, is used to analyse the angle between the transformation band and the tensile
direction. Hill model has been used to predict angles of transformation bands in NiTi
under tension with good agreement with experimental results (Bechle and Kyriakides,
2016; Shaw and Kyriakides, 1998). However, the analysis has been restricted to the
the first band. In this chapter the evolution of the band angle throughout loading and
unloading is studied.
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4.2 Theoretical Approach

The influence of anisotropy on the localization phenomenon of the NiTi tube is addressed
with Hill approach to localized necking based on plasticity theory, presented in Sections
1.6.2.3 and 1.6.3.3.

The description of Hill theory is focused on the case of uniaxial loading of orthotropic
materials, i.e. materials that possess three mutually orthogonal planes of symmetry.
Because the theory of plasticity was greatly developed in the light of sheet metal forming,
the three orthogonal directions are generally denominated rolling, transverse and normal
directions, as illustrated in Fig. 4.1. For the opened NiTi tubes used in this work, the
rolling direction is called drawing direction.

Normal
(ND)

oIIing

Transverse (RD?
(TD) Drawing
(DD)

Figure 4.1: Orthogonal directions in a sheet. DD indicates the drawing direction of a flattened
tube, which in the present work is equivalent to the rolling direction (RD) of a sheet.

Hill approach to localized necking requires the use of an anisotropic yield function.
Here, Hill (1948) quadratic anisotropic criterion is used. This section starts with the
presentation of Hill 1948 criterion, along with a correspondent anisotropic flow rule.
The identification procedure of Hill 1948 parameters is described. Finally, the section
presents Hill equations to predict the angle of a localized neck in a flat specimen under
tensile load.

4.2.1 Hill (1948) anisotropic yield criterion

Hill was the first to propose an anisotropic yield criterion. He modified the Von Mises
quadratic yield criterion by introducing six coefficients to express the orientation depen-
dence. His new criterion is valid under three main conditions: (i) the material must have
an orthotropic anisotropy; (ii) it must present no Bauschinger effect, where the yield
stresses for tension and compression have the same algebraic value; and (iii) the yield
stresses must not be influenced by hydrostatic pressure. Under these conditions, and
having a Cartesian axes of reference coincident with the directions of symmetry (see Fig.
4.1), Hill yield criterion is

f(aij) = F(O'QQ—O'33)2+G(O'33—0'11)2—|—H(O'11—0'22)2+2L7'223—|—2M7'321—|—2N7’122 = 0'12/ (41)
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where f denotes the yield function, o;; are the components of the Cauchy stress tensor
in the basis €},e5,63; and F', G, H, L, M, N are material parameters describing the
anisotropic state of the material. Plastic yielding occurs when f = o2, where oy is a
reference yield stress, for example, in the rolling direction. These anisotropic parameters
are related with the yield stresses in the principal directions of anisotropy by

on- (). e (5
F+H=<%ﬁ{2M:(%ﬁi (4.2)
pra- () - ()

where X, Y and Z are tensile yield stresses in the principal directions and R, S and T
are the associated shear yield stresses. These six yield stresses are needed for a complete
description of the anisotropic state of the material.

In a plane stress frame (033 = 193 = 731 = 0) Hill yield criterion is written

(G + H)o3, — 2Ho11092 + (F + H)oyy + 2N 11y = 0% (4.3)

It is easy to verify that if 3F = 3G = 3H = L = M = N the material is isotropic.
This condition reduces Eq. 4.1 and Eq. 4.3 to the Von Mises yield criterion.

4.2.2 Experimental identification of anisotropic parameters

In a plane stress state, four mechanical parameters are needed to identify F', G, H and
N. Usually, the first relation used in the identification process is either

G+H=1 (4.4)

taking X as reference yield stress (oy = X), or

F+H=1 (4.5)

taking Y as reference yield stress (oy =Y).
The other three equations typically involve strain increment relations.

4.2.2.1 Strain increment equations and definition of r-coefficient

For metallic materials, stresses and plastic strain increments are generally related by an
associative flow rule (Khan and Huang, 1995), in which the plastic potential and a yield
function are considered identical. In this case, the plastic strain increment is given by
the flow rule

of

de?
anj

iy o

d\ (4.6)

where defj are the components of the plastic strain increment tensor, f is the yield
function, o;; are the components of the Cauchy stress tensor and dA is the increment of
the positive scalar factor of proportionality .
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In the case of an associative flow rule, the principal directions of strain increment
coincide with the principal directions of stress. Thus, for a plane stress state, applying
the yield criterion (4.3) in the flow rule (4.6) results in the following strain increment
equations

d=hy = dA[Gony + H(on — o)),
ngQ)Q = d)\[FO'QQ + H(0'22 - 011)}7

defy = dN\[—(Goyy + Fog)),

d€]102 = dA(N012).

V

The ratio of the strain increment in the width direction and the strain increment in
the thickness direction of a tensile sample is called r-coefficient, given by:

p
A€ yian

(4.8)

r =
dg?hick:ness
If the r-coefficient is greater than unity, the width deformation of the tensile sample
is dominant. If it is less than unity the thickness deformation is dominant.

In terms of the principal directions represented in Fig. 4.1, the r-coefficient can be
defined as

P
S (19)
dess

where de’] is the strain increment in the direction perpendicular to the tensile axis and
det, is the strain increment in the normal direction of the sample.

In specimens with small thickness it is very difficult to experimentally measure the
deformation in the normal direction. In this case it is assumed that the material is
incompressible and thus de¥, +deb, +deb, = 0 during deformation . Under this assumption
the r-coefficients can be calculated with the expression

de'}
= —— 4.10
" del| + deb, ( )

4.2.2.2 Orientation dependence of yield stress and strain increment

For a tensile sample oriented in an angle 6 from the rolling direction, a new (z,y) coor-
dinate system can be defined in the plane of the sample, as seen in Fig. 4.2.
The stress components in the (€1,63) and (x,y) coordinate systems are, respectively

o o012 0 0 00
g — |0921 022 0 =10 o 0 (411)
0 0 0], . . 0 0 Of...
€1,62,€3 x,Y,z

with:
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RD (1)
A

TD (2) =

>

€2

Figure 4.2: Tensile sample oriented in an arbitrary direction in the plane of the sheet metal.
A new coordinate system is defined by an z-axis in its width direction and a y-axis in its
longitudinal direction.

011 = o cos? 0,
099 = osin? 0, (4.12)
012 = osinf cos 6.

Substituting these relations in Eq. 4.3 gives the tensile yield stress as function of
orientation angle 0:

oy(0) = oy[Fsin®0 + Gcos’0 + H + (2N — F — G — 4H) sin? § cos® 0]*% (4.13)

The strain increments in the (€,6>) and (z,y) coordinate systems are, respectively

del, deby 0 deb, deb, 0
de? = |deb, deb, 0 = |deb, deb, 0 (4.14)
0 0 defy. .. 0 0 de]. .

The strain increments in the (€),63) coordinate system are obtained substituting
Equations 4.12 in the strain increment Equations 4.7:

del, = [(G + H) cos® § — H sin® fod),)
deby = [(F + H)sin® @ — H cos® 0]ad)\,

(4.15)
deby = —(Fsin® 0 + G cos® 0)ad),

dely = (N cos @ sin 0)odA.
4.2.2.3 Orientation dependence of r-coefficients and relation with F, G, H
and N

By definition, the r-coefficient in an tensile sample oriented at an angle 6 from the rolling
direction is (see Fig. 4.2)
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P P

_ def, _ def,

det.  deh,

where the strain increment de?_ is obtained from the rotation around the z-axis, which
results in

To (4.16)

del, sin? 0 + deb, cos? @ — de’, sin 6 cos 6

4.17
"o dek, (4.17)
Substituting Eq. 4.15 in Eq. 4.17 gives
H+ (2N — F — G — 4H) sin? f cos? 0
vy — +( ) sin” 6 cos (4.18)

Fsin?6 + G cos? 6

which establishes a direct relation between r-coefficients and Hill anisotropic parameters.

In view of sheet metal forming processes, the identification of F', G, H and N is
generally performed with r-coefficients calculated from uniaxial tests along 6 = 0°, 45°
and 90°. They are denoted rg, 745 and r9g. Substituting these 6 values in Eq. 4.18 gives:

H N 1 H
rek Ta5 = Fra TG ) and T90 = ak (4.19)

The relations in Eq. 4.19, together with Eq. 4.4 or Eq. 4.5, are used to estimate Hill
anisotropic parameters.

o =

4.2.2.4 Comments and evaluation of Hill 1948 anisotropic yield criterion

Since Hill presented his anisotropic yield criterion in 1948, the subject evolved greatly
and today a large number of anisotropic yield functions are available. Nevertheless, this
criterion remains one of the most used to describe the plastic behaviour of sheet metals
(Chen et al., 2013). This is due to some considerable advantages, like its simplicity, the
fact that it requires a small number of mechanical parameters and because its coefficients
have a direct physical meaning.

The suitability of the yield criterion is verified by the accuracy of the prediction of
the yield locus, and the in-plane variation of uniaxial yield stresses and r-coefficients
(Banabic, 2010). In this work, the yield criterion is tested by its ability to predict the
orientation dependence of transformation stress, with Eq. 4.13.

Furthermore, it is worth noting that the validity of the analysis performed in this
chapter is restricted to the tensile behaviour of NiTi. This is because Hill quadratic crite-
rion is unable to predict the tension-compression asymmetry of NiTi uniaxial behaviour
due to the condition of no Bauschinger effect.

4.2.3 Localization phenomenon in a strip under tension

Hill plasticity theory for localized necking establishes a criterion for determining the
direction in which a neck will appear. As discussed in Section 1.6.2.3, a localized neck
should coincide with a characteristic, since characteristics are curves of zero rate of
extension (Hill, 1952). If the stress is uniform in the tensioned sample, the characteristic
is straight (Hill, 1950) and thus the neck appears as a straight line.
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In Hill (1948), the author determined the characteristics in a state of plane stress.
Figure 4.3 shows a strip cut at an angle  from the rolling direction (RD) of the material
and in which a neck developed at an angle a from the y-axis of the strip.

o

-
-]
-
-]
-]
-
-]
-]
-]
-]
-
-]
-]

A

Figure 4.3: Tensile sample oriented at an angle 6 from the rolling direction and a neck formed
at an angle « from the y-axis of the sample.

In a plane stress state, the slopes dxs/dx; of the characteristic (with dx; and dxs
being the necks’ local breadths along the rolling and transverse directions, respectively)
satisfy the equation

deb da? 4 2deb,dxdxy + debydri = 0 (4.20)
which, substituting with Eq. 4.12 and Eq. 4.15, gives

[(G + H)UH - H022]dl€ + 2N0’12d$1d.1'2 + [(F + H)Ugg - HUu]dl'g =0 (421)

With « being the angle of the neck measured away from the y-axis of the strip, the
characteristic slopes are defined by

dIQ
— = 4.22
o tan(f + «) (4.22)

Inserting Eq. 4.22 and Eq. 4.12 in Eq. 4.21, a relation between 6 and « is established
as

atan®(a) + btan(a) —c =0 (4.23)

where
a=H +sin’fcos’ (N — F —2H) + (N — G — 2H)],
b=2sinfcosf[(N — F —2H)sin*0 — (N — G — 2H) cos* 0], (4.24)

c=a+ Fsin?0 + G cos? 6.

4.3 Results

This section presents two sets of results. The first focus on the averaged strain measure-
ments. An overline is used to differentiate the averaged strain notation from the local
strain notation.
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Figure 4.4a, 4.4b and 4.4c shows the nominal stress (¥,,), averaged transverse strain
(€z2) and averaged shear strain (£,,) versus averaged longitudinal strain (&,,), respec-
tively. These curves are presented for three studied temperatures.

T=40°C T=50°C T=60°C
d
1000 1000
800 4 A4 800
A =/
T aw _ / ,/ / , ”/ 1 s 2/ 7/ w0 T
| /= o == 7 s
w§ 400 : S / / — 400 w§
200 J 200
c ! ] 0
o 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 & 7 8
Eyy (%) Eyy (%) Eyy (%)
b
0.0 : 00
o°
05 05
22.5°
10 N —_— 5 1.0
S
T 15 \g \\ —67.5° .
e N X — 90° g
(& 20 R \;\ 20 &
25 &\ 25
\\
30 23 “ 30
N AN
B S S S s S S A
Eyy (%) Eyy (%) Eyy (%)
C
10 : : : 1.0
05 _, 05
/% - /’47"'
$ 007 < — S 00 I
F N = N o5&
N N
1.0 N Nt -1.0
AN N\ \\
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Eyy (%) Eyy (%) Eyy (%)

Figure 4.4: (a) Nominal tensile stress versus averaged longitudinal strain, (b) averaged trans-
verse strain versus averaged longitudinal strain and (c) averaged shear strain versus averaged
longitudinal strain for all studied directions and temperatures.

The second set of results focus on local strain measurements, where strain maps of
the zone of interest (ZOI) throughout loading and unloading are analysed. The mark-
ers on the stress-strain curves in Fig. 4.5 correspond to the instants when the strain
maps were extracted for each orientation. Only the strain maps for 60°C are shown in
this section. This is because no significant differences, qualitative or quantitative, were
observed among tests performed at the three temperatures. Strain maps for the other
temperatures are presented in Appendix B. Figures 4.6, 4.7 and 4.8 show the strain
maps for longitudinal (e, ), transverse (&,,) and shear (e,,) components, respectively.
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Figure 4.5: Nominal tensile stress versus averaged longitudinal strain at 60°C in the five
studied directions. Red markers indicate where the strain maps were extracted during loading
and blue markers during unloading.
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Figure 4.7: Longitudinal strain maps (e,,) of oriented samples under tensile load at 60°C.
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Figure 4.8: Shear strain maps (e,,) of oriented samples under tensile load at 60°C.
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4.4 Discussion

4.4.1 Qualitative analysis of results

4.4.1.1 Averaged strain measurements

In the tests shown in Fig. 4.4, the maximum loading stress were taken equal to 750 MPa,
800 MPa and 850 MPa for T = 40°, 50° and 60°, respectively. This was done to take
into account the Clausius-Clapeyron relation.

4.4.1.1.a Stress-strain curves

Observing the curves in Fig. 4.4a, the &, strain values attained at the end of loading
do not depend on temperature. This is also true for the other strain components, as can
be seen in Figures 4.4b and 4.4c.

All studied orientations show a well defined stress plateau. The only exception is 45°,
where the stress continually increases and the stress-strain curves are smooth throughout
loading and unloading. The orientation dependence becomes very noticeable outside the
apparent elastic zone, from &, = 1% in loading and below &, = 0.75% in unloading.
The term apparent is used because in NiTi superelasticity there is evidence that the
phase transformation starts as soon as loading begins (Favier et al., 2007; Gall et al.,
2005; Liu and Xiang, 1998; Rajagopalan et al., 2005).

4.4.1.1.b Transverse strain and strain ratio

In Fig. 4.4b the local slopes of the curves represent the strain increment ratio (vy),
where
dg:vz

= 4.25
dz,, (4.25)

Vzy

The evolution of v, with strain is shown in Fig. 4.9 for tests at 60°C. Before the
calculating the incremental ratios —de,,/de,, the &,, versus &,, curves were fitted with
a 9th degree polynomial to minimize the noise (see Fig 4.9a).

Figure 4.9b shows the variation of v,, with strain. The excessive variation at &, up
to 0.005 is disregarded. For the samples that present a stress plateau, v,, values are
between 0.4 and 0.5. The v, for samples at 22.5° and 67.5° seem to be slightly higher
than for the samples 0° and 90°. The same type of orientation dependence was observed
for loading and unloading during tests at 40°C and 50°C (see Appendix B).

The highest value of v,,, as well as the more significant variation, are achieved by
the sample at 45°. This same v,, behaviour was verified in tests performed at other
temperatures, as shown in Fig. 4.10. Under the assumption of incompressibility, this
indicates that near § = 45° the material of the tube under tension tends to deform more
in the width direction compared to the thickness direction, while in the other orientations
the opposite happens.
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Figure 4.9: (a) Superposition of experimental —&,,-&,, curves (dots) and polynomial fittings
(lines). (b) Evolution of v,y = —dey,/dey, for tensile tests at 60°C.
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Figure 4.10: Evolution of v, at § = 45° for tensile tests at 40°C, 50°C and 60°C.

4.4.1.1.c Shear strain

The averaged shear strain &,, shown in Fig. 4.4c is negligible in the drawing and trans-
verse directions (0° and 90°). In the other orientations the shear component is present
but small prior to the stress plateau, after which it increases monotonically (in abso-
lute value). This confirms that indeed the tube material has an orthotropic anisotropy
with symmetry directions on the longitudinal and transverse directions, as expected after
drawing operations. At a constant £,, value, the 67.5° orientation is the one experiment-
ing the highest shear strain, followed by 22.5° and 45°.

Estephanie NOBRE DANTAS GRASSI 92



4.4 Discussion

4.4.1.2 Local strain measurement (strain maps)

Regarding the local strain behaviour, transverse (e,,, Fig. 4.6) and longitudinal (g,
Fig. 4.7) strain maps show that all studied directions, except the 45°, experiment strain
localization. For the orientations that localize, only one band is formed upon loading.
This indicates that the nominal strain rate applied during tensile tests was sufficiently
low to avoid self heating (Elibol and Wagner, 2015). All bands initiate at the extremities
of samples, where there is stress concentration.

For some of the tests the band is unstable (see also results at 40°C and 50°C in
Appendix B). The instabilities occur mostly at the band appearance, when it changes
direction before stabilizing and continuing propagation. The observed instabilities are
likely due to the sample geometry. Because the ratio between the sample length and
width is not very high, significant in plane kinking may occur. The material tries to
minimize the built in plane moment by changing the direction of the band (Jiang et
al., 2017; Shaw and Kyriakides, 1997). Furthermore, it is observed in the strain maps
that the band angle increases with strain, mainly in the 0° and 90° orientations. This
also seems to be caused by sample geometric effects, because during unloading the band
propagation is a lot more stable than during loading for almost all tests.

In the shear strain maps (e,,, Fig. 4.8) it can be seen that indeed the highest shear
absolute values are attained by the transformed zone of sample at 67.5°, followed by
the 22.5° and then by the 45°. In this last direction, however, the strain distribution is
homogeneous in the same way as for the other strain components.

4.4.2 Strain rate

The localized necking that occurs in a tensile loading is idealized as a velocity disconti-
nuity (Hill, 1948, 1952). In this manner, to evaluate the strain localization phenomenon
strain rate (£,,) maps were calculated from the e, maps with the following equation

eyy(M, 1) — ey (M, t — At)
At

épu(M,t) = (4.26)

where M is a material point in the ZOI, ¢ is the instant in which the map was taken
and At is the time interval between two consecutive strain maps. Figure 4.11 shows
these calculated strain rate maps for tests at 60°C (see the strain rate maps for the other
temperatures in Appendix B) . They are presented in absolute value to enhance the
contrast of the bands in the chosen scale. Nevertheless, during loading (from instants 1
to 15) the discontinuity has positive values and during unloading (from instants 16 to
30) it has negative values.

At 45° it is very clear that no strain localization occurs. When compared to the
velocity discontinuities of the other orientations, the 45° is very homogeneous.

During the loading of the samples oriented at 0°, 22.5°, 67.5° and 90° a single band
appears (instant 5). The instabilities observed mostly at the band appearance can be
clearly seen in the strain rate maps.
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Figure 4.11: Longitudinal strain rate maps (absolute value of €,,) of oriented samples under
tensile load at 60°C.
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4.4.3 Band angle measurement throughout loading and unload-
ing

For the tensile orientations whose strain localize, the band angle was measured in all £,
range, during loading and unloading. Figure 4.12 shows the method used to measure the
angle at each instant. The method consists in identifying the band in the £,, maps and
performing a linear regression, where the linear coefficient is used to calculate the angle
« between the band and the tensile orientation. Only the angles obtained from linear
regressions with a coefficient of determination (R?) higher than 95% are considered.
Occasional secondary bands (appearing mostly during unloading) are disregarded in this
analysis.

Eyy Eyy &y
a
4 _
+ measured a at &y value *
: — filtered signal
y=mx+b
: i * only a values obtaied from
a =1 — arctan(m) linear regressions with R* > 0.95

Figure 4.12: Method used to measure the angle o between the band and the tensile axis of
samples.

The measured angles are presented in Fig. 4.13 for the three testing temperatures.
The results show that the band angle is orientation dependent. At appearance, «(0°) and
a(90°) are around 55°, which is a typical angle observed in NiTi localization bands and
also is the predicted value when isotropy is assumed. Aside from the observed variations,
in the other orientations the band angle is significantly smaller, appearing around values
as low as a = 45°. This is better observed during unloading, when the band is more
stable.
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Figure 4.13: Evolution of the band angles with averaged longitudinal strain &,.

4.4.4 Band angle prediction using Hill theory

Hill plasticity theory is applied for the analysis of the band angle evolution during loading
and unloading. Based on the approach presented in Section 4.2, the procedure employed
is summarized as follows:

1. The r-coefficients at directions 0°, 45° and 90°, namely ¢, 745 and ryq, are calculated
with Eq. 4.16 using experimental data.

2. Hill anisotropic coefficients in a plane stress state (F, G, H and N) are calculated
using rg, r45 and reg (Eq. 4.19) and the transformation stress in the drawing
direction as reference (oy = 04,00 — Eq. 4.4).

3. Once F,G, H and N are identified, the quadratic coefficients a, b and ¢ are calcu-
lated with Eq. 4.24.
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4. Finally, the band angle « and the tensile orientation € are related through the Eq.
4.23.

4.4.4.1 Data treatment for the calculation of the r-coefficients

To assess the evolution of the band angle with strain, the r-coefficients are calculated
throughout loading and unloading. Any significant variation of the r-coefficients is re-
lated with texture evolution during elongation (Savoie et al., 1995), which is an impor-
tant feature that should be taken into account in numeric simulation (Aleksandrovic
et al., 2009). Because of that, besides the required determination of rgy, r45 and rgg, the
r-coefficients at 22.5° and 67.5° are calculated for analysis purposes.

Considering that Hill model only takes into account non-elastic deformation, elastic
strain was subtracted. Equations 4.27 and 4.28 were used for longitudinal and transverse
strains, respectively:

5;7;/ =&y — (Byy/E) (4.27)
52’; = Epp + Ve (Xyy/E) (4.28)

where 5;]; and € are the inelastic strains in the y and z directions, respectively; %,
is the nominal tensile stress; and £ is the elastic modulus, calculated in Chapter 3
and equal to 70 GPa. v, is the elastic strain ratio (Poisson ratio). According to the
strain ratio calculated in Section 4.4.1.1.b, a single value was chosen for all orientations:
Ve = 0.45. The only exception is for § = 45°, to which the chosen value was v, = 0.60.

Once inelastic strain is isolated, the 5;7; was normalized with the transformation
strain Aegy,. of each orientation (averaged values from Fig. 3.9b). Considering a linear
relation between transformation strain and deformation (Sittner et al., 2005; Stebner et
al., 2015), this gives an estimation of the martensite fraction (f,, = €} /Agy,.). Thus, the
r-coefficients, and ultimately the band angle, are here shown in function of the martensite
fraction.

Finally, the averaged strain rates in the longitudinal and transverse directions of
samples were calculated using the data from Fig. 4.4. The result of this process is
presented in Figure 4.14. It is seen that during stress plateau the averaged strain rate in
the y-direction of the sample is somewhat constant, reaching around 527; =4x107* s,

From the averaged I and £} data the r-coefficients were calculated. The results
are shown in Figure 4.15.

In Fig. 4.15 the fluctuation of the curves, specially at 0°, 22.5°, 67.5° and 90°,
arise from the fluctuations of the strain rate curves. The variation up to f,, = 0.05
was removed because of excessive noise. Nevertheless, it is possible to say that the r-
coefficient at 45° experiments the greatest change during both loading and unloading.
When stretched in this orientation the material deforms more on the transverse direction
than in the thickness direction. In the other orientations, despite the fluctuations on the
curves the r-coefficients are mostly smaller or equal to unity, meaning that the material
mostly thins under tensile stress. The unloading curves are similar due to the reversibility
of the phase transformation.
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Figure 4.15: Evolution of r-coefficients with martensite fraction for loading and unloading.

4.4.4.2 Hill coefficients F', G, H and N

Hill 1948 anisotropic parameters were identified from rg, r45 and r9¢ and the relation in
Eq. 4.4, taking the transformation stress at 0° (oy.0-) as reference stress oy

Figure 4.16 shows these four coefficients. Like the r-coefficients, no significant differ-
ence is seen between different test temperatures or between load and unload. Aside from
some fluctuation, which arise from the variations observed in the averaged strain rate,
the normal coefficients F, G and H are similar among themselves and approximately 0.5
for the entire range of f,,.

The shear coefficient N, however, decreases with increasing f,,. Around f,, = 0.1,
N =25 =5F = 5G = 5H. According to Hill 1948 model, the anisotropy of the tube
material is verified by the fact that N # 3F = 3G = 3H. This ratio is reached around
fm = 0.6, f, = 0.55 and f,, = 0.7 for 40°C, 50°C and 60°C, respectively. From this
point, the predominantly detwinned martensite formed under tension behave similarly
in all orientations.
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Figure 4.16: Hill 1948 anisotropic coefficients in function of martensite fraction.
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tests

4.4.4.2.a Transformation stress prediction and suitability of Hill 1948 crite-
rion

The suitability of the anisotropic criterion is evaluated by its ability to predict the
transformation stresses in the plane of the flattened NiTi tube. The prediction of oy,.(6)
is performed inserting Hill anisotropic parameters in Eq. 4.13. The reference stress is
taken in the drawing direction (oy = 0ty 00).

According to results in Fig. 4.16, F = G = H = 0.5 and 2.5 < N < 1.5, approx-
imately. Three values of N were chosen to illustrate the effect of the shear parameter
on the orientation dependence of oy,(0). The effect can be observed in Fig. 4.17. When
N = 1.5 there is no orientation dependence. As N increases, the stress in the directions
involving shear becomes higher than the stress in the orthogonal directions (0° and 90°).
The higher N is, the more orientation dependent oy,.(#) becomes.
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Figure 4.17: Effect of N on the orientation dependence of calculated transformation stress.

As defined in Chapter 3, the transformation stresses are taken at f,, = 0.5. Figure
4.18 compares the experimental transformation stresses to the predicted stresses at this
martensite fraction.
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Figure 4.18: Comparison between transformation stresses measured experimentally and pre-
dicted by Hill 1948 yield criterion at f,, = 0.5.

Overall, the accuracy of the stress prediction is not very high for most tests (experi-
mental and predicted stress values do not coincide), but the orientation dependence (the

Estephanie NOBRE DANTAS GRASSI 100



4.4 Discussion

form of the o,-0 curve) is reasonably well predicted for some cases. Assuming an asso-
ciative flow rule, the capacity of the yield function to predict the band angle is directly
related to its capacity to predict the transformation stresses. Due to this observation, it
is expected that Hill 1948 parameters will be able to predict well the orientation depen-
dence of the band angles. However, the calculated band angle values might not agree
with experiments at all martensite fractions.

4.4.4.3 Band angle («a)

With Hill anisotropic coefficients inserted in Eq. 4.24 the quadratic coefficients a, b and
c are calculated and Eq. 4.23 can be solved for different values of . Figure 4.19 shows
the band predictions.
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Figure 4.19: Band angle in function of martensite fraction for all orientations.

In the longitudinal and transverse directions, corresponding to 0° and 90°, « is ap-
proximately 55°. The predicted « in other orientations behave similarly among them-
selves, rising from ~ 40° until ~ 50° at the end of loading.

According to Eq. 4.24, the band angle in the two principal directions (6 = 0° and
0 = 90°) « is controlled uniquely by H because a = H, b = 0 and ¢ = a. Since H is
practically independent of the martensite fraction, so is « for these 6 values. For other
0 values shear strain is present and all four anisotropic parameters play a role in the
estimation of a.. It is seen in Fig. 4.20 that a follows the evolution of N, increasing as
N decreases with martensite fraction.

Figure 4.20 compares the evolution of a measured from the strain maps and the ones
predicted by Hill model. The comparison is performed for the unloading, where the
experimental angles are more stable. The predicted values agree fairly well for the three
temperatures at small martensite fractions (at a constant f,, value).
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Figure 4.20: Comparison between band angle measured from strain maps and predicted by
Hill strain localization model (unload).
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4.5 Conclusion

4.5 Conclusion

The analysis of the strain distribution in the oriented tensile samples allowed to access
some interesting aspects of the tube anisotropy. The experimental observations can be
summarized as follows:

1. Strain localization occurred in all directions, except at § = 45° from the tube
drawing direction. This orientation seems to work as an approximate symmetry
direction for the orientation dependence of the strain localization phenomenon.

2. In some cases, as soon as the band appears it starts changing the inclination,
probably in an attempt to minimize the in-plane bending. The propagation of the
band is a lot more stable during unloading.

3. The band angles along the orthotropic directions (0 = 0° and 6 = 90°) reached
the highest values among orientations, around 55° — 60°. Following a decreasing
trend, the band angles at § = 22.5° reach ~ 53° when the band is stable. At last,
0 = 67.5° present band angles as low as 45° — 50°.

4. The absence of strain localization at 6 = 45° allows to verify the evolution of
strain increment ratios r-coefficients and v, with martensite fraction. Both reach
substantially higher values in this orientation.

From the experimental data, the band angle evolution was predicted using Hill theory
of zero extension rate. Hill 1948 anisotropic function was used in the procedure of band
angle prediction.

The evolution of Hill 1948 anisotropic parameters with martensite fraction show that
for martensite fractions higher than at least 0.5 the tensile behaviour of the material,
mostly composed of detwinned martensite, is similar in all orientations.

Furthermore, the zero extension rate theory is an effective means for accessing the
band angles from averaged tensile stress-strain data at different martensite fractions. The
predictions are in reasonable good agreement with experimental measurements. Allying
the zero extension rate theory with Hill 1948 anisotropic function allowed to successfully
simulate the orientation dependence of the band angle for the studied tensile directions
in the tube.

Estephanie NOBRE DANTAS GRASSI 103



Chapter 4. Effect of anisotropy on the strain localization phenomenon during tensile
tests

Estephanie NOBRE DANTAS GRASSI 104



GENERAL CONCLUSION AND PERSPECTIVES

This thesis work was an investigation about the anisotropy of a superelastic thin walled
tube applied in the fabrication of self-expandable stents. The study addressed two issues:

e the effect of anisotropy on thermomechanical properties, such as transformation
strain, transformation stresses and Clausius-Clapeyron coefficient;

e and the effect of anisotropy on the strain localization phenomenon during tensile
tests.

For this, an experimental campaign was performed. Stress-strain curves and strain
maps were obtained from tensile samples cut at five orientations in the plane of a flattened
NiTi tube. The temperature dependence was also studied.

Thermomechanical properties

The bibliographical chapter showed that the tensile behaviour of textured polycrystalline
NiTi is generally encompassed by the tensile behaviour of NiTi single crystals in the [100]
and [111] directions. These two cases show opposite behaviour. The literature review
also shows that in a NiTi tube the grains are distributed so that the [111] and [100]
directions are best aligned with the drawing direction (0°) and with 45°, respectively
(Barney et al., 2011).

In the present work, the tensile stress-strain curves showed that the studied prop-
erties are very orientation dependent. The effect of anisotropy causes an approximate
symmetry with respect to 45°. The transverse direction (90°) is slightly softer than the
drawing direction but their overall behaviour is similar. Furthermore, the stress-strain
curves at 45° are the only that do not present a stress plateau.

The transverse direction reaches transformation strains that are more than twice
higher than at 45°. The Clausius-Clapeyron coefficient, an important property account-
ing for the thermomechanical coupling of SMA, reaches a 50% increase between these
two orientations. The transformation stress reaches a 40% increase.

The orientation dependence of stress hysteresis (difference between forward and re-
verse transformation stresses) is also strong and temperature dependent. This was anal-
ysed in detail with a thermodynamic approach based on the Gibbs free energy (Wollants
et al., 1993). It was concluded that the classic Clausius-Clapeyron equation disregards
an important contribution: the temperature dependence of irreversible energies. Ac-
cording to the analysis, this contribution is the responsible for the difference between
the Clausius-Clapeyron coefficient of forward and reverse transformations.
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General Conclusion and Perspectives

The link between the temperature dependence of irreversible energy and the difference
between Clausius-Clapeyron coefficients of forward and reverse transformations should be
further investigated. The effect of NiTi alloy composition and the presence of precipitates
could be examined to test different types of temperature dependence. Furthermore, the
identified orientation and temperature dependencies are relevant for the calibration and
validation of constitutive equations.

For future work it can be useful to characterize and analyze the thermomechanical
behavior of the tube in other stress states like shear and compression. Because of the
small thickness dimension of the tube, the compression characterization can be performed
using bending tests and subtracting the tension component. Once experimentally char-
acterized, it is possible to model the anisotropic behavior of the NiTi tube to go towards
the optimization of the design and manufacturing process of self extensible stents.

Strain localization phenomenon

The bibliographical chapter also discussed how the strain distribution during phase trans-
formation is closely related with the alignment of grains in polycrystalline materials.
Texture investigations addressing the tension-compression asymmetry in NiTi alloys il-
lustrate this relation (Barney et al., 2011; Mao et al., 2010). The differences between
the behaviour of [111] and [100] directions are also perceived in the propagation mode
of phase transformation (Creuziger et al., 2008).

Of all the studied orientations in the thin walled NiTi tube, the 45° direction was the
only one that showed no strain localization. This was confirmed by the homogeneous
strain rate maps calculated for this orientation.

For the samples that show strain localization, a more detailed analysis concerning
the transformation band was performed. No significant difference is detected in the
morphology of the band among orientations. The angle between the band and the tensile
direction, however, is orientation dependent. It reaches higher values in the tensile tests
along the drawing and transverse directions, followed by 22.5° and then by 67.5°. This
orientation dependence was more evident during unloading, when the band angle was
more stable.

The orientation dependence of the band angle and its evolution with martensite
fraction was further analysed with a plasticity approach for localized necking developed
by Hill (1948, 1952, 1950). The predicted band angles are in reasonably good agreement
with experimental measurements. The predictions resulted in band angles that are less
orientation dependent as the martensite fraction increases.

A suggestion for future work is to identify a flow rule more adapted to the behavior
of the NiTi tube to study the localization phenomenon in states of stress different from
the tension.
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APPENDIX
A

CRYSTALLOGRAPHIC TEXTURE

Texture in a polycrystalline material is the existence of a preferred orientation of grains.
Regarding the degree to which a material is textured, two extreme cases can be acknowl-
edged, as schematically shown in Fig. A.1.

One extreme of this scale is the case of absolute lack of texture, where grains are ran-
domly oriented. Under this circumstance the material is said to have a perfect isotropic
behaviour. At the other extremity is the case of single crystals, which are fully oriented
in one direction and thus have an anisotropic behaviour. Naturally, polycrystalline en-
gineering materials are not in these extremities, but may rather be weakly, moderately
or strongly textured, depending on the percentage of grains exhibiting a preferred orien-
tation.

PERFECTLY

ISOTROPIC TEXTURED ANISOTROPIC

pall) “ .

POLYCRYSTAL POLYCRYSTAL SINGLE CRYSTAL

Figure A.1: Extreme cases of grain orientation distribution, from a polycrystalline material
with no preferred orientation to a single crystal with its fully oriented structure. Between both
lies the textured case.

A.1 Reference frame for texture definition

Because texture represents an orientation it must be related to some reference frame.
The adopted reference frame is often that of the sample. This reference frame consists of
an orthogonal Cartesian set of axes formed by the three main directions of the sample.
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Chapter A. Crystallographic texture

It is called material coordinate system. For rolled materials, these directions are called
rolling direction (RD), transversal direction (TD) and normal direction (ND) (see Fig.
A.2a). In cylindrical samples, like tubes, these directions can also be called drawing,
circumferential and radial directions.

The crystal coordinate system is given in terms of Miller indices. In cubic unit
cells these indices are represented by three integer numbers. Planes and directions are
represented by (hkl) and [uvw], respectively. To refer to a family of planes which are
equivalent to (hkl) by lattice symmetry, the notation {hkl} is used. In the same manner,
a family of directions which by symmetry are equivalent to [uvw] is denoted (uvw).

Texture is defined as the relationship between these two coordinate systems. In
this manner, an unambiguous representation of texture is achieved by (i) identifying
which crystal plane (hkl) is parallel to the rolling plane of the sample and (ii) determining
which crystal direction [uvw] is parallel to the sample rolling direction (see Fig. A.2b).
Then, a texture is denoted by {hkl} (vow) or (hkl)[uvw].

Normal a b
direction (ND)
o @ > X (001)[010]
100J_ ol </
< . <
Transversal
direction (TD) /
Rolling
direction (RD) RD

Figure A.2: (a) Orthogonal coordinate system of a rolled sample (reference frame for texture
definition) and its crystals (defined by Miller indices). (b) Texture defined by the crystal plane
which is parallel to the sample rolling plane, (001) and by the crystal direction which is parallel
to sample rolling direction, [010].

A.2 Texture representation

There are two main representations of texture: pole figures and orientation distribution
functions (ODF) (Suwas and Ray, 2014).

A.2.1 Texture pole figure

A texture pole figure is a two-dimensional stereographic projection (angle-true) of the
crystals in a sample. Figure A.3a illustrates schematically the concept: in the center
of a 3D unit sphere is placed a sample of polycrystalline material. The crystal plane
normals are projected onto the surface of the unit sphere. Then, one of the hemispheres
is projected in a 2D surface. The pole figure consists of this circular projection. In this
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A.2 Texture representation

illustration the sample of a rolled sheet is placed at the center of the unit sphere. Its pole
figure consists in the circular projection sitting on a plane parallel to the sheet rolling
plane, where the sample RD, TD an ND are represented as three poles.

If the poles of many crystals are uniformly distributed in the projection, it means that
crystals are randomly oriented and thus the material is not textured (Fig. A.3b). While
the sample reference frame is fixed, the projection plane can be changed to represent the
crystallographic planes of interest. For example, in Fig. A.3c there is a pole figure

Figure A.3: (a) Stereographic projection of the three main planes of a rolled sample and
the three main planes of a cubic crystal inside the sample. (b) Pole figure of a sample with
randomly oriented crystals. (c) Poles of {100} oriented cubic crystals projected in a pole figure.
(d) Pole figure with contour lines of {100} cubic crystals.

correspondent to the {100} crystallographic planes projected into the sample reference
frame. The projections are clustered around some positions, meaning that the material
is textured. In the case of Fig. A.3c it can be easily identified that the crystals main
directions are aligned with the sample RD, TD and ND and that the denoted texture is
{100} (100).

It is also common in pole figure representation to use contour lines instead of individ-
ual projection points, as in Fig. A.3d. These contour lines represent the texture index
(T,). Where T, = 0 no crystal in that particular direction was identified; where T, = 1
the number of crystals in that direction is considered to be random and thus no texture
exists in that particular orientation; and where T, > 1 there are enough crystals in that
direction to consider the material textured in that particular orientation. The greater
T, is, the more intense is the texture.

Another way of representing texture is to use inverse pole figures (IPF), in which
the roles of the sample and crystal coordinate systems are inverted. That is, the distri-
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Chapter A. Crystallographic texture

bution of the directions of sample planes is drawn in relation to the crystal coordinate
system. Figure A.4 shows some example of IPF. Its reading and interpretation is very
straightforward and for that reason IPF are very popular.

111

P
Vs

110
Figure A.4: Correspondent pole figures and inverse pole figures. The coloured rectangles
shows the equivalence between the two representations.

100 100 110 100 110

A.2.2 Orientation distribution function (ODF)

However, pole figures, and therefore inverse pole figures, are limited representations. This
is because only two dimensions can be described in the stereographic projection and thus
they do not provide a complete quantitative information. To remedy this, another form
of texture representation can be used: an orientation distribution function (ODF).
According to Suwas and Ray (2014), an ODF “is a mathematical function that describes
the frequency of occurrence of particular crystal orientations in a three-dimensional Euler
space whose coordinates are defined by three Euler angles”.

The Euler space, used to present ODF's, is a cubic volume where each point inside
the cube represents a (hkl)[uvw] pair. This space is composed of the Euler angles ¢,
w1 and @9 varying from 0° to 90°. Figure A.5a shows an example of a complete Euler
space and a calculated ODF. However, ODF are generally shown in slices at periodic 9
values, as in Fig. A.5b. Also, when confronting textures among different materials, it is
often chosen a single g representative value to perform the comparison.

Moreover, ODFs are calculated from experimental measurements and by means of

the evolution of calculation methods, less and less experimental data are necessary to
obtain reliable and reproducible ODF's.
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Figure A.5: (a) Euler space showing a calculated ODF. (b) Typical Euler space representation
with 9 slices at each 5°.

¢1

A.3 Techniques for texture measurement

Experimental techniques to obtain crystallographic orientation from a great number of
grains are all based on wave diffraction. More specifically, these techniques are based
on the theory of Bragg diffraction, which is used to obtain information about periodic
structures such as crystallographic planes. Either light (X-ray) or mass (neutron or
electron) waves can be used, each one more or less adapted for different conditions.

X-ray diffraction is a relatively cheap technique that allows measurements at am-
bient conditions or at high/low temperatures and thus it is very popular. However, it is
limited to surface analysis, reaching penetration depths of the order 1072 - 10~ mm.

Neutron diffraction also allows to perform measurements under specific ambient
conditions with the advantage of having more penetration (10! - 102 mm), giving infor-
mation about bulk samples. It is a very expensive and more exclusive technique, though,
since fewer neutron sources are available in the world.

Electron diffraction is a very reactive technique, performed mainly with Transmis-
sion Electron Microscopy (TEM). It requires very thin samples and is useful for accessing
the orientation of single crystals, but has little penetration (1072 mm). Also, the Electron
Backscatter Diffraction (EBSD) is a technique based on Scanning Electron Microscopy
(SEM). This technique provides orientation maps of samples that are very intuitive to
read. Figure A.6 shows examples of two common representations of texture obtained
from electron diffraction measurements.

Estephanie NOBRE DANTAS GRASSI 119



Chapter A. Crystallographic texture

Single crystal Textured Randomly oriented
polycrystal

Initial

Figure A.6: (a) Examples of different degrees of crystallographic orientation captured
by transmission electron microscopy (TEM). (b) Orientation maps obtained with electron
backscatter diffraction (EBSD) technique (From Gurao and Suwas, 2013).
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STRAIN MAPS OF TESTS AT 40°C AND 50°C

Estephanie NOBRE DANTAS GRASSI 121



Chapter 4 - Results at 40°C and 50°C
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Figure B.1: Nominal tensile stress versus averaged longitudinal strain at 40°C in the five
studied directions. Red markers indicate where the strain maps were extracted during loading
and blue markers during unloading.
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Figure B.3: Longitudinal strain maps (gy,) of oriented samples under tensile load at 40°C.
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Figure B.4: Shear strain maps (e,,) of oriented samples under tensile load at 40°C.
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Figure B.5: Longitudinal strain rate maps (|¢,,|) of oriented samples under tensile load at
40°C.
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Figure B.6: Nominal tensile stress versus averaged longitudinal strain at 50°C in the five
studied directions. Red markers indicate where the strain maps were extracted during loading
and blue markers during unloading.

Estephanie NOBRE DANTAS GRASSI 127



Chapter 4 - Results at 40°C and 50°C

0=

i}
 POEOEPDDROVEBIEOE®ADE®®Ho®®
illln--------""-llllllllllii
IIIIIIIII---IIIIIIIII

TT1 L eleleleleiaiabtatmtbddd LT
|| II"I il Illllllll
ligaaaadanil
8= 45° - REEFT
eilllllll'."-“-."'Illllll
| Ahhnnnannnsssnnbnnbil ||
1 !------"""'llllll
'1 I
||I| | il
I...l--....lll
| L 1 1

T
0

Exa (%)

Figure B.7: Transverse strain maps (€,;) of oriented samples under tensile load at 50°C.
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Figure B.8: Longitudinal strain maps (g,,) of oriented samples under tensile load at 50°C.
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Figure B.9: Shear strain maps (€,,) of oriented samples under tensile load at 50°C.
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Figure B.10: Longitudinal strain rate maps (|€,,|) of oriented samples under tensile load at

50°C.
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