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Caractérisation par nanoindentation des propriétés mécaniques
locales de films superélastiques a base de titane obtenus par

pulvérisation magnétron en lien avec leurs microstructures

Résumé étendu en francais

Dans ce travail de these, des alliages biomédicaux a base de titane du type 3 métastable
et de compositions Ti-20Zr-3Mo-3Sn (Ti2033, at.%), Ti-16Zr-13Nb-2Sn (Ti16132, at.%) et
Ti-24Nb-4Zr-8Sn (Ti2448, mass.%) ont été¢ synthétisés en alliages massifs par fusion et en
couches minces par pulvérisation magnétron. Les investigations se sont focalisées sur leurs
caractérisations microstructurales et leurs propriétés mécaniques avec une attention
particuliére portée sur leurs propriétés superélastiques qui ont été sondées a 1'échelle locale
par nanoindentation en utilisant quatre types d'indenteurs: trois indenteurs sphériques de
rayons 10 um (Sp10), 50 um (Sp50) et 200 um (Sp200) et la pointe diamantée Berkovich
modifiée (Bkv).

Pour confirmer la faisabilit¢ de la technique de nanoindentation pour caractériser la
propriété superélastique induite par une transformation martensitique réversible, des essais de
nanoindentation ont été réalisés sur I’alliage massif Ti2033 et les résultats obtenus sont
présentés et discutés au chapitre III. Ces mesures de nanoindentation ont été combinées avec
des analyses EBSD pour examiner I'anisotropie cristallographique de la réponse en indentation
a l'échelle des grains individuels dans la microstructure polycristalline. Les nombreuses
mesures réalisées pour évaluer la dureté d'indentation Hir, le module d'indentation Eir, le taux
de recouvrement en profondeur #x et le taux de recouvrement du travail 7w sur une large
gamme de directions cristallographiques ont permis d’investiguer avec une bonne statistique
I'ensemble du triangle fondamental des orientations cristallographiques de la phase . Les
résultats, présentés judicieusement sous forme de cartes de distribution en figures de pdles
inverses (IPF): #i - IPF, nw- IPF, Eir - IPF et Hir — IPF, ont montré que les valeurs de #x et
nw €étaient fortement affectées par la direction cristallographique des grains atteignant un
maximum pour la direction <001>p et un minimum pour la direction <111>p (voir figure 1).
De plus, les distributions #» — IPF et nw- IPF se sont révélées étre en bon accord avec la

distribution IPF des distorsions de maille en compression, calculées a partir du mod¢le



cristallographique de la transformation martensitique, ce qui permet de mettre en évidence que
I’anisotropie des taux de recouvrement découle bien de la nature superélastique de 1’alliage. 11
a également ét¢ montré que la nanoindentation sphérique est plus appropriée pour sonder
l'anisotropie cristallographique de la superélasticité, en raison du champ de distribution des
contraintes générées sous l'indenteur qui est plus favorable a la réversion de la transformation
martensitique par rapport a celui généré sous l’indenteur Berkovich. Les mesures ont
¢galement montré une dépendance de l'orientation sur le module d'indentation Eir et la
distribution Eir - IPF obtenue est qualitativement similaire a celle prédite par les calculs du
module d’Young a partir des constantes ¢lastiques mesurées. Par contre, aucune anisotropie
cristallographique de la dureté d'indentation Hir n'a été détectée en raison des multiples

systemes de glissement activés dans le cristal B bec.
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Fig. 1. Cartes des distributions en figures de poles inverses des taux de recouvrement: nh — IPF avec
I’indenteur sphérique Sp50 (a) et I’indenteur Berkovich Bkv (b) et nw - IPF avec I’indenteur sphérique
Sp50 (c) et ’indenteur Berkovich Bkv (d).

Par conséquent, on peut conclure que l'anisotropie cristallographique des réponses en
nanoindentation est gouvernée par I'anisotropie des réponses élastiques et superélastiques dans
cet alliage B métastable. En revanche, la dépendance a l'orientation est perdue lorsque la
déformation plastique devient trop importante. La technique de nanoindentation est ainsi
capable de détecter la superélasticité a I'échelle locale et peut étre de ce fait mise en ceuvre

pour la caractérisation de films superélastiques.
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Un nouveau film quaternaire (composition Til6132) a été¢ obtenu par pulvérisation
magnétron a température ambiante a partir d'une seule cible pré-alliée réalisée par fusion
(chapitre IV). Les observations MET et les analyses DRX révelent que le film consiste en une
microstructure composée de nanograins 3 colonnaires qui s’étirent le long de la direction de
croissance avec quelques nano-domaines martensitiques o qui sont également détectés. Les
représentations en figures de poles pour la structure bee f montrent une texture de fibre

<110>p treés marquée dans la direction de croissance (voir fig. 2).

(b) {20035 () {211}

ST =

Fig. 2. Figures de pdles DRX montrant la texture de la phase 8 dans le film Ti16132: (a) {110}, (b)
{20035, (c) {211}

La réponse superélastique du film Ti16132 a été sondée par nanoindentation en évaluant
les taux de recouvrement en profondeur et du travail (y» et #w) a partir des courbes charge-
déplacement obtenues pour différentes profondeurs de pénétration. A partir de ces résultats, la
déformation représentative (&) du film a été calculée pour chaque indenteur. Il a ainsi été
observé que la déformation représentative varie continuellement de 0,4% a 4,3% lorsque les
trois pénétrateurs sphériques 200 um (Sp200), S0 um (Sp50) et 10 um (Sp10) sont utilisés et
qu’elle atteint 7% avec le pénétrateur Berkovich (Bkv). Ainsi, le comportement en
nanoindentation du film Til6132 est significativement affecté par la géométrie des pointes en
raison des grandes différences d’amplitude et de distribution spatiale des contraintes induites
sous chaque indenteur. En utilisant la pointe Bkv, presque aucune dépendance de la profondeur
sur les taux de recouvrement n'a été observée. La déformation représentative constante et
¢levée (~7%) se situe au-dela du niveau de la déformation superélastique, ce qui a pour
conséquence d’observer des taux de recouvrement tres restreints (~40%) avec la pointe Bkv
du fait d’une plastification intense. Ainsi, I’indentation Berkovich ~génére une densité élevée
de dislocations qui contribuent a la fois a limiter la formation de la martensite et a inhiber sa
réversion en phase 3 parente. Par contre, dans le cas de 1’indentation sphérique, la déformation
représentative dépend a la fois de la profondeur et du rayon du pénétrateur utilis¢, ce qui
permet de balayer les différents régimes de déformation. Des taux de recouvrement de pres de

100% ont été mesurés avec le pénétrateur sphérique a grand rayon (Sp200) qui impose une
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déformation représentative relativement faible (entre 0,4% et 1%) sondant ainsi une
déformation principalement élastique. Des taux de recouvrement importants allant de 95% a
60% ont été mesurés avec les pénétrateurs Sp50 et Sp10 pour des déformations représentatives
(&r) se situant entre 1% et 4,3%. Avec ces deux pointes sphériques, la déformation plastique
est minorée tandis que la déformation superélastique, conséquence de la transformation
martensitique réversible, est le mécanisme de déformation prédominant. La figure 3 résume
les différents taux de recouvrement obtenus associés aux différents régimes de déformation

pour chaque pointe utilisée.
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Fig.3. Taux de recouvrement et représentation schématique des mécanismes de déformation prédominants

en fonction de la déformation représentative (€;) pour chaque pointe utilisée.

Les propriétés superélastiques étant trés sensibles au niveau de déformation appliqué,
cette étude montre l'importance de déterminer la fenétre de profondeur d'indentation
appropriée associée au rayon de la pointe du pénétrateur pour révéler le comportement
superélastique a I'échelle locale. Dans le cas présent, 1'indentation avec les pointes sphériques
intermédiaires Sp50 et Spl0, s’avere étre une stratégie viable pour révéler la réponse

superélastique dans le film Til16132 étudié.

La propriété de superélasticité du film Ti2448 obtenu par pulvérisation magnétron a
¢galement été caractérisée dans ce travail de thése (chapitre V.). Le film est constitu¢ d'un
mélange de phase [ et de phase a" et présente une texture de fibre <110>p avec une distribution
homogeéne de nanocristallites o" dans la matrice B (voir sur la figure 4 un exemple

d’observation MET en coupe transversale).
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100 nm

Fig.4. (a) Image en champs clair du film Ti2448 en coupe transverse, (i-iii) Clichés de diffraction

électronique correspondant a différentes zones du champ clair.

Les réponses en nanoindentation avec les différents indenteurs ont été déterminées et
corrélées aux calculs de la déformation représentative (&) et de la distribution normalisée de
la pression de contact (o=/pm) évaluées sous indenteurs. Il a été observé que plus le rayon de la
pointe du pénétrateur était petit, plus - était élevé. La pression de contact normalisée atteint
un maximum au centre de contact, puis diminue graduellement jusqu’a zéro au bord du cercle
de contact pour les pénétrateurs sphériques et Bkv. Cependant, une concentration de contrainte
relativement faible a été observée pour les pointes sphériques par rapport au pénétrateur Bkv,
pour lequel la contrainte est particulierement €¢levée au centre de I'empreinte. La concentration
de contrainte élevée se produisant sous le pénétrateur Bkv se traduit par une déformation
plastique plus intense par rapport au cas des pénétrateurs sphériques et une déformation
résiduelle plus importante subsiste apres la libération de la charge. Les modes de déformation
dans les différentes zones sous les différents pénétrateurs ont été déterminés et discutés en
comparant la contrainte équivalente de Von Mises aux contraintes critiques induisant la

transformation martensitique.

La dépendance en profondeur de la dureté¢ d'indentation (Hir) et du module élastique
d’indentation (Eir) ainsi que l'influence des taux de recouvrement superélastique (#x et nw) sur
ces deux grandeurs ont également été investiguées dans cette étude. On a observé que les
valeurs de Hir et Eir n'étaient pas constantes. En effet, Hir et Eir présentent une dépendance a
la profondeur qui diminue avec la profondeur dans le cas du pénétrateur Bkv et qui augmente
avec la profondeur dans le cas des pénétrateurs sphériques. D'autre part, les valeurs Hir et Eir
ont également été observées dépendantes au rayon de la pointe utilisée. Hir augmente avec la
diminution du rayon de la pointe du pénétrateur, tandis que Eir diminue avec la diminution du
rayon de la pointe du pénétrateur. La figure 5 montre bien ’influence de la géométrie des

pointes et de la transformation martensitique (par 1’évaluation des taux de recouvrement) sur



le module ¢élastique d’indentation Eir  (a) et sur la dureté d’indentation Hir (b).
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Fig.5. Module élastique d’indentation E;r (a) et dureté d’indentation Hir (b) en fonction du type
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d’indenteur et du taux de recouvrement pour le film Ti2448 superélastique.
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General introduction

Titanium alloys are widely used as biomaterials due to their low density, adapted
mechanical properties and good biocompatibility. A good biomedical titanium alloy needs to
be optimized as the function of the targeted applications (hip prosthesis, dental implants,
cardiovascular stents, orthopedic staples, orthodontic arches...). Such optimization depends
on the chemical composition, the phase constitution and the microstructure. Research on the
B-types Ti-based alloys with non-cytotoxic and non- allergenic elements such as Zr, Nb and
Mo has increased rapidly during the past decade, especially with the aim to enhance their

mechanical properties and more particularly their superelastic performances.

To our knowledge, the research work on Ni-free superelastic B Ti-based films deposited
through physical vapor deposition methods has not been explored intensively. Film technology
is promising for further miniaturization and design possibilities for nanometer-sized functional
tools and devices for biomedicine. In the field of superelastic films, most activities have
focused on the superelastic response of magnetron sputtered NiTi-based alloy films since the
1990s, basically for the development of miniature systems (micro-sensors, -actuators, -pumps
and -valves). In addition to the suspected toxicity and carcinogenicity of nickel, a major
drawback is the amorphous nature of as-deposited NiTi films at room temperature which
require suitable heat treatments to obtain the crystalline phase responsible of the superelastic
effect. Much less work has investigated superelastic response in Ni-free metastable § Ti-based
alloy films deposited by magnetron sputtered. The aim of the present thesis is to investigate
whether titanium-based alloys sputtered films can display superelastic behaviors as their bulk
ingot counterparts. In the present work, B-Ti alloy compositions, namely Ti-20Zr-3Mo-3Sn
(Ti2033, at.%), Ti-16Zr-13Nb-2Sn (Til6132, at.%), and Ti-24Nb-4Zr-8Sn (Ti2448, wt.%)
have been studied.

In the first chapter, a bibliographic study on the general properties for Ti and Ti-based
alloys were carried out, and the interest was mainly in superelastic Ni-free metastable 3
titanium alloys as promising candidates for biomedical applications. Then, the superelastic
property associated with a reversible martensitic transformation was reviewed in view of the
responses to mechanical loads. Finally, the magnetron sputtered films were reviewed in cases
of NiTi-based system and Ni-free B-Ti system. On the basis of this literature review, our
investigative choices focused on four superelastic alloys from two quaternary systems (Ti-Zr-

Mo-Sn and Ti-Nb-Zr-Sn) from bulk to film geometry.
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In the second chapter, all elaboration procedures and experimental characterization
techniques were presented. The bulks were elaborated by cold crucible levitation melting
(CCLM) and a series of thermo-mechanical treatments. The films were deposited on Si
substrates by magnetron sputtering technique. The morphological, crystallographic and
microstructural characteristics of the bulks and films were studied by optical microscopy (OM),
scanning electron microscopy (SEM), atomic force microscope (AFM), X-ray diffraction
(XRD), electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM).
Conventional and cyclic tensile tests were used to evaluate the mechanical properties including
the superelasticity in bulk alloys. In this work, the nanoindentation technique has been widely
used to probe local mechanical properties in sputtered films and in bulk alloys with the aim of

characterizing the superelastic response.

The following three chapters concern the results obtained and are written like articles.
Note that chapter [V was the subject of an article published in the journal Surface & Coatings
Technologies 450 (2021) 126690.

In the chapter III, the crystallographic anisotropy of indentation responses was studied at
the scale of individual grains in superelastic Ti2033 polycrystalline bulk alloy by the combined
application of nanoindentation and electron backscattered diffraction (EBSD) analysis. From
the results obtained, it has been shown that nanoindentation is an effective technique for
probing a superelastic response in this kind of alloy. In chapter IV, nanoindentation technique
was used to characterize the superelasticity of magnetron-sputtered Ti16132 films Four
indenters with different geometries (spherical and Berkovich indenters) were used to study the
nanoscale indentation behaviors of Til6132 superelastic films through different deformation
regimes. The representative strain was introduced to present the evolution of the deformation

mechanisms during nanoindentation with increasing depths and increasing tip radii.

In chapter 1V, nanoindentation technique was used to characterize the superelasticity of
magnetron-sputtered Til6132 films. Four indenters with different geometries (spherical and
Berkovich indenters) were used to study the nanoscale indentation behaviors of Til6132
superelastic films through different deformation regimes. The representative strain was
introduced to present the evolution of the deformation mechanisms during nanoindentation

with increasing depths and increasing tip radii.

In chapter V, nanoindentation measurements were performed to systematically
characterize the superelasticity in the magnetron-sputtered Ti2448 thin films. The evolution

of superelastic recovery as a function of indentation depths was presented and discussed in

2
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terms of indentation stress and strain field distributions underneath the indenter tips. For this,
the representative strain and normalized contact pressure distribution were calculated for
spherical and Berkovich indenters, and the microstructure evolution during nanoindentation
was illustrated. The indentation size effect and the tip radius effect on indentation hardness
and elastic modulus in Ti2448 films were investigated with a specific attention on the influence

of martensitic transformation induced by indentation.
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1.1 Introduction

Titanium (Ti) is a transition metal belonging to group 4 of the periodic table of elements.
Ti is widely distributed throughout the whole universe such as stars and interstellar dust. After
Al Fe and Mg, titanium is the fourth most abundant of structural metals and is the ninth most
abundant element on the earth. Titanium exists in most minerals such as ilmenite (FeTiO3);
rutile (TiO2); arizonite (Fe2Ti3O9); perovskite (CaTiO3) and titanite (CaTiSiOs). Titanium
offers attractive property owing to the combination of high strength, stiffness, toughness, low
density, and good corrosion resistance. As Ti is a transition metal with an incomplete d shell,
various Ti alloys may form by alloying with interstitial and substitutional elements (Nb, Mo,

Zr, O, etc.).

287°C (5949°F) sia
Titanium

Fig. I-1 Physical and chemical properties of Titanium

The interest in the metal Ti and Ti-based alloys has gained momentum from the late 1940s
in view of their suitability for being used as structural materials in certain rapidly developing
industries, particularly, in the aerospace and chemical industries [1, 2]. During the last decade,
titanium and titanium alloy production practices have matured rapidly, due to low elastic
modulus, good biocompatibility, excellent corrosion resistance and their high specific strength.
Fig. I-2 provides examples of the growth in the use of Ti in widely differing applications, and

with a range of engineering demands, that in many cases impact human safety and well-being.
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Fig. I-2 Some examples of applications of Ti and its alloys: (a) alpha Ti alloy in tubing for heat
exchangers (courtesy JA Hall), (b) near alpha and alpha + beta Ti alloys in aeroengines, (c) high strength
metastable beta Ti alloys in airframes, as percentage of overall aircraft weight and in landing gear of the

Boeing 787, and (d) a titanium hip replacement [3].
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1.2 Titanium and its alloys

1.2.1 Allotropic phases in pure Ti

Pure Ti exhibits two allotropic crystalline structures at atmospheric pressure: the low
temperature phase termed as the a-Ti phase, and the high temperature phase termed as the -

Ti phase.

According to Fig. I-3, a-Ti phase has a hexagonal close packed (hcp) structure belonging
to the space group of 194 P63/mmc, and the lattice parameters are: a.= 0.295 nm, co= 0.468
nm and the ratio c¢/a= 1.587 [4, 5]. The B-Ti phase has a body centered cubic (bcc) structure
belonging to the space group of 229 Im3m, and the lattice parameter is: ag= 0.332 nm [4].

0.468 nm

Fig. I-3 Crystallographic structures of a-Ti phase and B-Ti phase.

An allotropic transformation takes place between a-Ti and B-Ti at 882 °C in pure Ti. The
allotropic transformation temperature is the so-called B transus (Tp). The transformation can
either occur by displacive transformation (martensitic transformation) or by a diffusion-

controlled nucleation and growth process depending on thermal path.

Fig. I-4 shows the lattice arrangement of a and B phases. Allotropic transformation a-Ti
<> B-Ti proceeds in strict agreement with crystallographic orientation relationship between a-
and B- phases which has first been studied for zirconium described by W. G. Burgers [6] and

is therefore called the Burgers relationship:

{110} || (0001)q and <111>p || <11-20>q



Chapter I: Bibliography

<) 130> /<1l B

(0001}, r'””-'|1

-

£
ap

T> Tu Tli =882 °C T< Tl;

Fig. I-4 Arrangement of bce B into hep a lattice during the allotropic transformation [6, 7].

Lattice reconstructing process during the allotropic transformation can be schematically
shown as a complex displacement of atoms in various directions (Fig. I-5). Generally, it was
found that the unit cells reconstruction in crystal lattice during phase transformation o-Ti <>
B-Ti is based on atoms displacement along {112} surface and <111> direction with concurrent

unit cell expansion in two directions and compression in the third direction.

B -Ti o -Ti

¢, = 0.468 nm

a,/2=0510 nm

Fig. I-5 Scheme of the allotropic transformation [8].

According to the Burgers relationship and the crystal symmetry of a and B phases, a bcc
B crystal can transform to 12 possible hexagonal a-variants, having different orientations with

regard to the parent 3 crystal, as summarized in Table I-1.

10
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Table I-1 Orientation variants resulting from p—a phase transformation [9, 10].

Variant No.

Corresponding plane (hkl)g[(hkil),

Corresponding direction [uvw ]g|[uvtw],

1

2

3

(011)g || (0001),

(101)g || (0001),

[{]leﬁ [| (0001},

(101)g || (0001),

(110)g || (0001),

(110)g || (0001),

[iil]ﬁ Il [2110],
[lil]g 11 [2110],
[lil]ﬁ Il [2110],
[111]g |l [2110],
[111]g ]| [2110],
[Ill]ﬁ Il [2110],
[111]3 Il [2110],
[Iillﬁ Il [2110],
[Iil]ﬁ Il [2110],
[111]g |l [2110],
[111]g || [2170],

[111]g || [2170],

1.2.2 Ti alloys

1.2.2.1 Element additions in titanium alloys

In Ti-based alloys, the effect of an alloying element pertains significantly to the manner

in which its addition alters the B transus temperature (Tp). Elements which, on being dissolved

in Ti, raise the Tp are defined as a-stabilizers. These elements are generally non-transition

metals or interstitial elements, such as Al, C, N and O (Fig. [-6a). Elements which, on alloying

with Ti, bring down the Tp are termed as B-stabilizers. These elements are generally divided

into B-isomorphous elements (such as the transition metals V, Nb, Ta and Mo in Fig. [-6b) and

B eutectoid forming elements (such as Cr, Cu and Ni in Fig. I-6¢), depending on whether

intermetallic compounds are formed through eutectoid decomposition of B-phase. Elements

which change the Tp only slightly are named as neutral elements such as Zr, Hf and Sn in Fig.

I-6d.

11
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Fig. I-6 Effect of alloying elements on the TP of Ti alloys (schematically).

1.2.2.2 Classification of Ti alloys

According to the alloying additions and the phases present at room temperature, Ti alloys
are broadly grouped into three major categories: a alloys, o + B alloys and B alloys. Their
properties are dependent on microstructure, which is connected to the chemical composition
and thermomechanical processing. The corresponding phase fields are delineated in

temperature-composition phase diagram of Ti alloys in Fig. I-7.

Alliage Alpha Alpha - Béta Béta
Métastable : Stable
i Mécaniquement | |
Température instable | stable | |
A i
B | l Pratiquement |
!l stable

ath

a
Eléments < 7 . » Eléments
alphagenes (%) / ﬁl ¢ BE bétagenes (%)
Structure 2 o'+ 3-
Martensite a” | . b i | p- stable
de trempe résiduelle | métastable

Fig. I-7 Classification of Ti-alloys based on different alloying concentrations and present phases in the

microstructures at room temperature (schematically) [11].
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Table I-2 lists the more frequently used B-stabilizers and their respective Bi1 values. It
shows that the B-isomorphous stabilizers have high i values and decompose to form only a +
B phases (i.e. no compound formation), while the B-eutectoid stabilizers have lower 1 values
and are less efficient in decreasing the Tp, tend to form a + intermetallic compound upon

decomposition of B-phase.

Table I-2 B-stabilizers and their respective B values [12, 13]

J-Stabilizer Type By (Wt.%)*  f, Suppression (°C)®
Mo Isomorphous 10.0 —8.3
Y% 15.0 —5.5
w 225 —13.8
Nb 36.0 —10.6
Ta 45.0 —15.6
Fe Eutectoid 35 0.0
Cr 6.5 —-2.38
Cu 13.0 —5.6
Ni 9.0 44
Co 7.0 33
Mn 21.1

* Approximate wt.% needed to retain 100% beta upon quenching.
® Approximate amount of beta transus reduction per wt.% of addition.
There is a convenient manner in which to consider the overall stability of § phase in an

alloy with various alloying additions. By arbitrarily using Mo as a baseline, a “moly equivalent”

(Mo Eq.) has been defined as follows [12]:

Mo Eq. = 1.0 Mo(wt.%) + 0.22 Ta(wt.%) + 0.28 Nb(wt.%) + 0.44 W(wt.%) + 0.67 V(wt.%)
+ 1.6 Cr(wt.%) + 2.9 Fe(wt.%)

The constants before each alloying elements are associated with the ratio of Bi1 for
molybdenum divided by i for the particular element. In general, the B transus temperature

(Tp) tends to decrease as the Mo Eq. increases [13].

The metallurgy of B alloys enables the development of compositions and processing
routes that can satisfy diverse requirements of high strength with adequate toughness and
fatigue resistance required in airframe applications (Fig. I-2¢) or meeting requirements of low
modulus and biocompatibility with shape memory response and fatigue strength for use in

biomedical applications (Fig. I-2d).
1.2.2.2.1 a alloys:

Ti alloys with one or more a-stabilizer additions present a single a-Ti phase (hexagonal
structure) at room temperature, known as a alloys. Depending on the cooling rates, the

13
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microstructure can be composed of equiaxed o, widmanstatten lath-like o phase or martensitic
o’ phases. These alloys are non-heat treatable alloys having moderate strength, good fracture
toughness, superior high temperature creep, oxidation resistance and weldability [1]. The o
alloys are extensively used in applications that are not particularly demanding in terms of
strength but focus more on the attractive corrosion resistance of titanium (an example can be
seen from Fig. [-2a). a-type alloys can tolerate a small amount of § phase (2-5%) upon cooling
from the P phase field with addition of Mo and V, which are called near-a alloys. The small
amount of  phase in the near-a alloys is useful for better controlling the recrystallized a grain

size and improving mechanical properties.

1.2.2.2.2 a + B alloys:

The a + B alloys are such that at room temperature they contain a mixture of the a- and
B- phases. The relative proportions of the constituent phases are determined by the nature (a-
or (-stabilizers) and the amounts of the alloying elements, as well as the heat treatment. The
mechanical properties of a+f alloys depend on the relative amount and distribution of a and
B phases [14]. Two-phase a + [ alloys offer a range of combinations of strength, toughness
and high temperature properties that make them attractive in wide ranging aerospace products.
This category of alloys represent the majority of Ti alloys on the market, the most known one
being Ti-6Al-4V (an example in Fig. I-2b). Seen from the phase diagram in Fig. 1-7, the range
for a+p alloys show the presence of the Ms line above room temperature. Therefore, the a+3
alloys have a a” martensitic transformation upon fast cooling from the B phase field to room

temperature.

1.2.2.2.3 B alloys

The B alloys are defined as alloys that retain 100% P phase when quenched to room
temperature from above the P transus. These alloys contain enough B-stabilizing elements to
avoid passing through the martensite start line (Ms) when quenched to room temperature,
consequently precluding the formation of martensite at room temperature. Within the f alloys
group, there are the subclasses of metastable 3 and stable B alloys, with respect to the stability

of B phase obtained at room temperature.

The B-metastable alloys are alloys that lie between the B1 critical minimum content of
B-stabilizers and the B2 point and within the two-phase a + 3 region at room temperature (see
Fig. I-7). A fully B phase microstructure can be retained by quenching from the  phase field

in such alloys, the obtained B phase is metastable at room temperature. Non-equilibrium

14
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phases (such as o" martensite, isothermal or athermal ® phase) can appear in these -
metastable alloys. In such case, the superelastic property can be achieved via stress-induced

martensitic phase transformation and will be detailed later in section 1.3.

The B-stable alloys are alloys to the right of P2 concentration (see Fig. 1-7). Thus, for
these alloys, more content of 3 stabilizing elements is added decreasing the B transus below
the room temperature. A fully B-stable phase microstructure is obtained at room temperature
and for any cooling conditions. The B-phase is ductile, and therefore B-Ti alloys exhibit
attractive cold and hot workability, which enables creating specialized -Ti alloys for specific
applications. B alloys are prone to ductile-brittle transformation, and thus are not used for

cryogenic applications.
1.2.3 Non-equilibrium phases in f-metastable Ti alloys

Phase transformations in crystalline materials can be classed generally under two
headings: (a) replacement-type transformations in which atoms of a given species are replaced
at or near lattice sites by atoms of a different species (including vacancies); (b) displacement-
type transformations in which atoms, regardless of their nature move in a cooperative way by
distances which are fractions of lattice translation vectors. The former transformations, being
diffusion-controlled, occur slowly except at high temperatures, the latter, controlled by local
atomic shuffles, can occur very rapidly below a certain critical temperature, even at low
temperatures. The phases formed during diffusion-controlled transformation are equilibrium
phases, such as a-Ti and B-Ti phases mentioned above, and the phases formed by displacive
transformation are non-equilibrium phases, such as martensite a” phase and ®ah phase

observed in f-metastable Ti alloys.

1.2.3.1 Martensite o'’ phase

The martensitic a" phase presents a C-centered orthorhombic structure belonging to the

space group of N°63, Cmcm. The atom positions are:

Oy 1) ALt ly) 0%3) (Y Y-y, %)

where the value of y is determined by the atom positions in the (002) plane of the orthorhombic

crystal structure, depending on the alloy composition [15].
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Fig. I-8a shows a schematic illustration exhibiting the crystal structures of the B, o, and
o phases and their lattice correspondences. The orthorhombic a” martensite is an intermediate
structure between the body centered cubic structure of B-Ti phase and the hexagonal structure
of a-Ti phase. The lattice parameters (a’, b’, ¢’) of the martensitic o" phase depend significantly
on the B-stabilizer content, varying between two extreme situations, one corresponding to the
hexagonal structure of a-Ti phase (for which y=1/6 ; b’/ a’=V/3 and ¢/ a’=V/8/3), the other
corresponding to the body centered cubic structure of B-Ti phase (for which y=1/4 and b’/ a' =

¢/ a’ =V2), as illustrated in Fig. I-8b.
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Fig. I-8 (a) Crystal structures of the B, a’’, and o phases and their lattice correspondences. (b) Nb
dependence of b’/ a’ and c'/ a’ of the orthorhombic martensite a”- phase [16].

During the martensitic transformation, the orientation relationship between 3 phase and

a'" orthorhombic martensite follows the relations below [17]:
(110)g /7 (001)qr [111]p //[101]ar.
The lattice correspondences between B and a” phases are expressed as follows [16]:
[100]a" - <100>p, [010]a" - <011>s, [001]a" - <O-11>p.

Hence, there are six different ways to orientate the three principal axes of orthorhombic
crystal in the body centered cubic crystal while respecting the orientation relationship between
B and o phases. The six equivalent rotary permutations are called variants. The six lattice

correspondence variants are designated as V1, V2, V3, V4, V5 and V6, are given in Table I-3.
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Table I-3 Lattice correspondence variants derived from the /o orientation relationship [18].

Variant [100],. [010],. [0o1],.
Vi [100], 011), 011),
V2 [100], [011]g [011];
V3 [010], [101], [101],
\Z [010], [101], [1o1],
V5 [001], [110], [110]

Vo [001], [110], [110],

Fig. 1-9.

Fig. I-9 Optical micrograph (a) and dark-field TEM images (b-c) showing the morphology of o.”
martensite variants in quenched Ti-20Nb alloys [18]; (d-f) Optical micrograph (d) and bright-field TEM

images (e-f) of V-shaped o” martensite morphology in quenched Ti—25Ta—20ND alloys [19].
1.2.3.2 Athermal omega phase

o-phase is the high-pressure equilibrium phase for chemical elements such as Ti, Zr and
Hf belonging to column IVB of the periodic table, and can be formed at atmosphere pressure
by rapidly cooling the bce structure [20]. -phase was firstly identified in B-type Ti-Cr alloys by
Frost et al. in 1954 [21]. Since then, the w-phase has been observed in numerous Ti-, Ta-, Hf-
and Zr- based alloys containing appropriate B-stabilizing elements and many other B-
metastable alloys [2, 22, 23]. Depending on the formation condition, ® phase can be formed
as a non-equilibrium phase by rapid cooling (athermal wath phase), by aging in the temperature

range of 373-773K (isothermal wiso phase) or stress-induced from applied stress. The w-phase
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presents a hexagonal structure (space group: N°191 P6/mmm) with three atomic positions [24]:
(0,0, 0), (1/3, 2/3, 1/2), and (2/3, 1/3, 1/2).

The wath phase can form upon water quenching from the pB-phase region over a limited
composition range (Fig. I-10). The orientation relationships between wath and B resulting from

displacive transformation were reported to be [20, 24, 25]:

[111]5// [0001]wam and (1-10)p /7 (11-20)ath.

Temperature

L

% Alloying element

Fig. I-10 Metastable phase diagram for omega formation in B-isomorphous systems [24].

Frost [21] and De Fontaine [26] have proposed the (111)p plane collapse model to explain
the B — wa displacive transformation: the wath lattice can be obtained by collapsing one pair
of (111) planes to the intermediate position leaving the adjacent (111) planes unaltered,
involving a diffusionless process (Fig. I-11). Lin et al. [27] demonstrated that the athermal ®-
phase formation was caused by an atom collapse from the (110)p plane to the (111)p plane
along the <111>p direction (Fig. I-12). The model also suggests that the rigid atom clusters
originated from athermal ® phase can be directly developed to the perfect a phase with the

help of vacancies.

1 — 0
[011],

T
fom o7 =¥
el

Layer No.
[(1T0]s  (111)  [10T]) (0001)

f - bee ® - Hexagonal

Fig. I-11 (111) planes in a bcc lattice. (b) Collapsed planes to generate hexagonal omega [20].

18



Chapter |

Fig. I-12 Formation model of w.m phase. (a) the atom movement pathways of B phase, showing the atom
movement from the (110) plane to (111) plane; (b) the formed (0002) crystal plane in ® phase, associated
with atoms marked with empty circle; (c) the formed (0001) crystal plane in ® phase, associated with
atoms marked with solid circle; (d) the man phase formed by two sets of atom movement, exhibiting
[111]p//[0001]e, and [11-2]p//[-1100], [27].

o phase appears as nanosized coherent precipitates with a typical size range of 2—10 nm
dispersed in B-phase matrix. Fig. I-13 shows the morphology of wat phase in the dark field
TEM images of Ti-Mo-Sn-Zr alloys. In the corresponding SADPs, in addition to the primary
diffraction spots from the B matrix, diffused scattering at 1/3 and 2/3{1 1 2}p positions
corresponding to the wam phase were observed. The intensity of diffuse scattering of the mah
phase decreased with increasing Sn content, suggesting that the addition of Sn can suppress
the formation of wath phase. Similarly, the addition of Ta is effective in suppressing the

formation of wath phase [28].
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Fig. I-13 Dark field TEM images of the w.mn phase and the corresponding selected area diffraction patterns
(SADPs) taken from the zone axis of [110]p in water quenched specimens of (a) Ti-3Mo-5.5Sn-9Zr, (b)
Ti-3Mo-6Sn-7Zr, (¢) Ti-3Mo-6.5Sn-5Zr, and (d) Ti-3Mo-7Sn-3Zr alloys [29].

1.2.4 NiTi alloys

The discovery in the 1960’s of shape memory properties in the Ni-Ti system led to the
rapid growth of interest in the shape memory phenomenon. Nitinol is commonly used when
referring to NiTi based shape memory alloys: Ni for Nickel, Ti for Titanium and NOL for
Naval Ordnance Laboratory, the place where Buehler and his coworker discovered this alloy.
From the phase diagram in Fig. I-14, NiTi is an ordered intermetallic compound with near an
equiatomic composition of Ti and Ni, and it exists as the stable phase down to room
temperature. At low temperature the stoichiometric range of NiTi is rather narrow and it often
contains precipitates of a secondary intermetallic phases, such as NiTi2, Ni3Ti and Ni4aTis.

These secondary phase precipitations influence the mechanical properties of NiTi alloys.
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Fig. I-14 Phase diagram for NiTi system [30].

Within the composition range at which NiTi phase exists at room temperature, martensite
start temperature Ms depends strongly on composition, particularly on the Ni-rich side (Fig.
I-15). Thus precise composition control is required when elaborating NiTi alloys.
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Fig. I-15 Evolution of the transformation temperature Ms as a function of the Ni content [31].

NiTi austenite phase has a CsClI (B2) type ordered cubic structure with the space group
of N°221, Pm-3m and lattice parameter a = 0.3015 nm at room temperature [32]. Martensitic
phase observed in NiTi alloy has a monoclinic B19' structure with the space group of N°11,
P21/m and the lattice parameters: a = 0.2884 nm, b = 0.411 nm, ¢ = 0,4665 nm, and = 98.1°
[33]. The crystal structures of B2 and B19' phases are presented in Fig. I-16. The lattice

correspondence between B2 phase and B19' phase is expressed as:

[100]B19 - [-100]B2, [010]B19' - [01-1]B2, [001]B19 - [0-1-1]B2.
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(a) Z[010]

X[100]

Fig. I-16 Crystal structures of NiTi: (a) B2 parent phase; (b) monoclinic B19' martensite [34].

NiTi alloys became attractive for medical applications particularly because of shape
memory and superelastic properties. Ability of NiTi devices to recover an original shape after
being deformed up to almost 10 % offers a considerable improvement and new possibilities
for numerous medical and surgical interventions. In addition to memory properties, NiTi alloys
exhibit significantly better mechanical compatibility with tissues compared to other alloys and
ceramics used in medicine. NiTi alloys are now being used in many biomedical applications,
including archwire [35, 36], self-expandable stents [37], abdominal wall lift devices [38],
vascular ligation clips [39], staples for foot surgery [40] etc. However, concerns related to
nickel release from NiTi biomaterials into body fluids and tissues exist, since Ni

hypersensitivity represents a significant problem.

1.3 Superelastic effect in Ti alloys

1.3.1 Generalities about martensitic transformation

Martensitic transformation is a phase transformation accompanied with shear
deformation (shape change) resulting from diffusionless cooperative movement of atoms. In
a shape memory routine, the parent high-temperature phase called austenite transforms to the
low temperature phase - martensite and vice versa. Martensite has an athermal nature - it
nucleates and grows progressively upon cooling and is characterized by a balance of thermal

and elastic energy during growth.

The formation of martensite can be isothermally induced from the parent austenitic phase
by the application of external mechanical load. This type of martensite is known as stress-
induced martensite (SIM). The formation of SIM yield