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French summary

Les implants dentaires font partie des dispositifs médicaux implantables les plus vendus aujourd'hui dans le monde. Le secteur bénéficie d'une forte croissance constante directement liée à un nombre de patients toujours plus important. Les implants dentaires sont des dispositifs médicaux très fiables mais les échecs existent encore. Le milieu est fortement concurrentiel et la recherche fait l'objet d'investissements conséquents pour aboutir à des innovations concrètes. Les principales voies d'amélioration des implants dentaire reposent principalement sur trois idées :

• La miniaturisation des implants ;

• L'amelioration de l'ostéointégration via l'état de surface ;

• La composition chimique des alliages (éviter les éléments potentiellement nocifs).

Pour répondre à ces attentes, le travail décrit dans ce manuscrit s'est concentré sur l'étude de la nuance de verre métallique massif (BMG) Ti 40 Cu 36 Zr 10 Pd 14 . Cette nuance dévoilée en 2007 est décrite depuis comme très prometteuse en tant que biomatériau et fait l'objet de nombreux travaux publiés. La plupart de ces travaux décrivent ce matériau comme particulièrement bien adapté à la fabrication d'implant dentaire. Malgré tous ces travaux, la nuance de BMG Ti 40 Cu 36 Zr 10 Pd 14 n'est toujours pas commercialisée. Deux thèses (dont celle -ci) successivement réalisées au sein du laboratoire MATEIS ont permis d'apporter des éléments nouveaux soulignant les verrous techniques et scientifiques qui empêchent son utilisation à l'échelle industrielle dans le secteur médical. Le Dr.Aléthea Liens dans son manuscrit a mis en évidence deux points bloquants principaux concernant la nuance Ti 40 Cu 36 Zr 10 Pd 14 :

• La présence de défauts cristallins appelés sphérulites, qui sont probablement impliqués dans la rupture prématurée des échantillons notamment en traction et en fatigue.

• La tenue en corrosion limitée de l'alliage comparée à la plupart des verres métalliques (potentielle implication des sphérulites).

Les résultats décrits dans les chapitres de ce manuscrit font directement suite au travail du Dr.Aléthea Liens. Pour déterminer la nature de ces sphérulites jusqu'alors non rapportées dans la littérature pour cette nuance de verre métallique, il a fallu dans un premier 2022 -Laurabelle Gautier -MATEIS laboratory xi French summary temps les observer et les décrire. Pour se faire, un travail de mise au point du protocole de polissage a été mis en place permettant de particulièrement bien mettre en évidence leur microstructure en microscopie. La microstructure des sphérulites est paticulièrement complexe, on peut y voir des aiguilles au centre avec différentes phases et une coquille à l'interface avec la matière amorphe. Pour faire le lien entre les propriétés mécaniques du BMG et les sphérulites en plus de leur microstructure, il manque des informations essentielles : leur diamètre et leur position dans les barreaux. Etant donné l'absence de de contraste chimique entre les sphérulites et la matrice amorphe, la tomographie à rayons X du laboratoire ne nous a pas permis de voir en 3D les sphérulites et d'avoir une distribution directe et réelle de taille des sphérulites. L'obtention de ses données a dû se faire par de nombreuses observations 2D de coupes polies auxquelles il a fallu ajouter une analyse statistique complexe (Méthode de Saltykov) pour estimer les diamètres réels. Les résultats présentés dans le chapitre 1, ont permis de montrer que les sphérulites peuvent avoir de grands diamètres (plusieur centaines de µm) et que leur position est aléatoire dans les pièces. Le lien avec les résultats des essais mécaniques nous a permis de dire que les sphérulites sont d'avantages un point faible en traction et en fatigue qu'en compression (moins sensible à la présence de défauts). Cependant nous avons pu démontrer que les sphérulites étaient capables de se déformer plastiquement en compression mais que leur taille est supérieure à la taille de la zone plastique estimée expliquant ainsi le comportement purement fragile en traction. Nous avons alors supposé que sans les sphérulites, les propriétés mécaniques en traction et fatigue pourraient être encore meilleures avec une approche de matériau composite (matrice amorphe + sphérulites). En effet, une maîtrise de leur taille et de leur répartition lors de la fabrication des barreaux pourrait permettre d'obtenir une déformation plastique plus importante avant rupture. L'implication des sphérulites dans le processus de corrosion a également été étudiée dans le chapitre 1. L'hypothèse principale était qu'un couplage galvanique entre la matrice amorphe et les sphérulites pouvait avoir lieu, ce qui aurait pu expliquer le phénomène de piqûration préalablement observé. Des essais de corrosion locaux ont été réalisés à l'aide d'une microcellule. Les résultats ont permis de rejeter l'hypothèse du couplage galvanique (la matrice amorphe et les sphérulites ont des potentiels de corrosion trop proche). Cependant la coquille autour des sphérulites semble se dissoudre préférentiellement en solution saline sans pour autant être le point de départ de la piqûration.

A ce stade, l'organisation détaillée et la nature des phases des sphérulites n'étaient pas identifiées, et nous n'avions a fortiori pas non plus de scénario de croissance. Dans un système quaternaire tel que TiCuZrPd, peu étudié notamment en termes de cristallographie de par sa nouveauté, il est difficile d'identifier des phases. Le chapitre 2 du manuscrit décrit comment avec différent outils tel que la DRX et l'EBSD et en faisant le choix de se baser sur le diagramme binaire du CuTi, certaines phases semblaient bien correspondre (CuTi B2, Cu 3 Ti 2 , CuTi 3 . . .). Ce sont des analyses qui ont justifié la nécessité des lames minces xii 2022 -Laurabelle Gautier -MATEIS laboratory French summary au FIB pour vérifier ces tendances. Les analyses TEM ont relevé un comportement instable du matériau sous le faisceau d'électrons (voir annexe C du manucrit) rendant les observations particulièrement complexes. Cependant, d'avantage de détails de la microstructure ont pu être observés au MET qui se sont révélées être des mises en ordre supplémentaires. Les phases précédemment identifiées en EBSD ont donc été confirmées par le MET. C'est l'élaboration de nos premier barreaux avec un diamètre réduit à 3 mm qui a permis de voir des sphérulites à différents stade de leur croissance (précoce, intermédiaire et mature). Les observations ont permis de proposer un scénario de croissance détaillé et robuste des sphérulites dans le BMG Ti 40 Cu 36 Zr 10 Pd 14 , jamais décrit auparavant dans la littérature. Ce chapitre met en avant le fait que c'est la phase Cu 3 Ti 2 qui germe en premier dans l'amorphe et que c'est probablement le nombre de germes et la vitesse de refroidissement qui conditionnent la morphologie finale de la sphérulite. Malheureusement cette étude ne nous a pas permis de déterminer le mécanisme à l'origine de l'apparition de la phase Cu 3 Ti 2 .

Dans le chapitre 3, des essais sur plusieurs paramètres de coulée par succion au four à arc ont été étudiés ainsi que leur influence sur le rapport cristallin amorphe , dont :

• La vitesse de refroidissement : en changeant le diamètre du moule.

• L'étape de chauffe : soit en faisant varier l'intensité de l'arc soit changeant le nombre d'homogénéisation de l'alliage mère.

• L'influence de l'hydrogène.

• l'influence des traitements thermiques.

La vitesse de refroidissement a une influence directe et significative sur le rapport cristallin amorphe . Plus la vitesse de refroidissement est importante, plus les sphérulites sont rares et petites, mais même en utilisant un moule en cuivre de ⊘3mm, de petites sphérulites sont encore visibles malgré un diamètre critique de 6-7mm pour Ti 40 Cu 36 Zr 10 Pd 14 dans la littérature. Pour l'étape de chauffe, l'intensité de l'arc n'a pas été démontrée comme étant un facteur changeant la distribution des sphérulites en nombre (pas plus de germination) et en taille (pas plus de croissance). Les barreaux fusionnés/retournés 6 et 14 fois avant coulée ont été testés en flexion quatre points, les résultats sont très peu reproductibles et n'ont pas permis de déterminer le lien clair entre la microstructure et les propriétés mécaniques. Cependant il semblerait que ce soit la position et la taille des sphérulites qui conditionnent la contrainte à la rupture des éprouvettes. En effet, il est probable que plus une sphérulite :

• A un gros diamètre ;

• Est proche de la surface ;

• Se situe sous un rouleau ;
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• Ou soit sur la face en traction (proche de la zone de sollicitation maximale) : plus l'éprouvette cassera tôt.

De plus, une analyse chimique de surface a révélé un contraste avec l'hydrogène (plus d'hydrogène au centre des sphérulites et dans l'amorphe). L'hydrogène pourrait donc être l'origine de la germination de la phase Cu 3 Ti 2 et donc responsable de l'apparition des sphérulites. Des barreaux ont donc été fabriqués sous atmosphère enrichie en hydrogène, dans ces barreaux il semblerait que le volume occupé par des sphérulites soit plus important que sans hydrogène. Les barreaux ont été testés en compression. Les résultats ont été très peu reproductibles (du fragile au ductile). Au final, on suppose donc que l'hydrogène facilite l'apparition des sphérulites et qu'il est donc préférable de l'éviter.

Les sphérulites ne sont pas considérées comme des structures métastables étant donné leurs conditions d'apparition. Pour savoir quel serait leur comportement au cours de traitements thermiques isothermes en bain de sels ont été réalisés. Après les essais, les sphérulites étaient toujours présentes et leurs tailles n'avaient pas changé. Cependant, la matrice autour des sphérulites s'est dans un premier temps relaxée puis cristallisée. La question en suspens est la suivante : les phases dont sont composées les sphérulites sont-elles des phases d'équilibre que l'on pourrait retrouver dans l'alliage mère ? Dans le chapite 4, des observations microstructurales de l'alliage mère de la nuance Ti 40 Cu 36 Zr 10 Pd 14 ont permis de vérifier que les phases d'équilibre ne sont pas celles observées dans les sphérulites. Mais que l'alliage mère a une microstructure très complexe avec au moins cinq phases différentes qui coexistent. Pour comparer les comportements en corrosion de l'amorphe et du cristallin, l'alliage mère a été testé dans les mêmes conditions que le verre métallique dans une solution saline. Au cours de ces essais, il a été remarqué que les phases cristallines les plus riches en Pd et en Cu de l'alliage mère avaient tendance à se dissoudre plus facilement que celles riches en Ti et en Zr qui ont la capacité de se passiver naturellement. Malgré toutes les tentatives liées au processus de fabrication pour éliminer les sphérulites ou contrôler leur taille, aucune n'a fonctionné. Les problèmes initiaux de corrosion et les sphérulites sont donc toujours présents dans cette nuance de verre métallique.

L'utilisation de ce matériau pour la fabrication d'implant dentaire semble être de plus en plus compromise, mais l'ajustement de la composition de l'alliage pourrait suffire à éviter l'apparition des sphérulites. On sait qu'il est possible d'éliminer les sphérulites en ajoutant des éléments d'additions mais ceux-ci ont tendance à diminuer les propriétés mécaniques globales de l'alliage sans améliorer la résistance à la corrosion. Basés sur les compositions chimiques des phases de l'alliage mère, des essais de casting ont été réalisés sur trois "nouvelles" compositions chimiques. Malheureusement, aucunes d'elles ne s'est avérée amorphe dans les conditions de fabrication testées mais l'une d'entre elle a tout xiv 2022 -Laurabelle Gautier -MATEIS laboratory French summary de même montrée une dureté exceptionnelle laissant entrevoir des propriétés mécaniques intéressantes même sous forme cristalline mais une résistance en corrosion limitée étant donné sa haute teneur en Cu et Pd.

En conclusion, beaucoup d'efforts et de ressources ont été consacrés à l'identification et à la description précise des défauts de coulée du verre métallique Ti 40 Cu 36 Zr 10 Pd 14 . Nous sommes maintenant certains de leur influence délétère sur les propriétés mécaniques de l'alliage. Malgré plusieurs approches différentes, aucune d'entre elles n'a permis de produire des verres métalliques sans sphérulites. De plus, la résistance à la corrosion du verre métallique reste également un problème au vu de l'application visée, et le contenu de ce manuscrit diminue fortement le potentiel du BMG Ti 40 Cu 36 Zr 10 Pd 14 comme biomatériau. La maîtrise du processus de fabrication de ces matériaux est et reste une source d'incertitude quant à la qualité des pièces produites. La communauté des verres métalliques mentionne rarement ces inconvénients, qui devraient être étudiés plus en profondeur afin de mieux répondre à ces problèmes. 

Contents

General introduction/context/state of the art

Today, teeth loss represents an increasingly important public health issue, particularly in relation to the ageing of the population. Indeed, even if there is an obvious lack of data on teeth loss and oral health treatments quality on a worldwide scale, it seems that the need for dental care is globally growing. The work of Elani et al. in 2018 [ELA 18], clearly states that tooth loss affects an individual's ability of chewing, the quality of life and aesthetics representation of oneself. The importance of the burden is obviously related to the number of teeth missing in an individual[GER 10]. Elani et al. also state that over the period 1999 to 2016, both teeth loss and number of missing teeth declined over time in the USA despite an ageing population but suggest that there are racial/ethnic disparities, partially explained by socio-economic status [ WU 14]. However, the prevalence of dental implants has continued to increase, particularly among the elderly. This increase is clearly less important for people who do not have supplementary health insurance (specific to the USA since the American public health system does not cover the costs of dental restoration) or people who have a relatively low level of education (high school degree or below). They did a projection for the dental implant prevalence in future, it is getting from 5.7% in 2016 to 17% in 2026 inside the edentulous population. It is very likely that the results of this study can be extrapolated to other geographical areas of the world especially in rich countries. This currently leads to a strong market growth for dental implants that is estimated to be 8.8% per year. As an illustration the Straumann group (world leader dental implant manufacturer) announces 27 million implants placed annually for the company (2020 annual report -Straumann Group). There are many reasons to believe that the dental implant market has a 'bright future' that justifies the investment made in research and development in this field [CHA 17]. Whether there is a global decrease in incidence of dental caries and periodontal conditions in developed countries, there is an increase in incidence of complete and partial edentulism, for elderly population, which is highly prone to teeth loss. The demand for teeth restora- A dental implant is a small threaded piece (like a screw) on average 8 mm long and between 3 and 5 mm in diameter. This screw will be directly implanted into the jawbone (mandible or maxilla) where the root of the missing tooth used to be. The dental implant is therefore in direct contact with the bone tissue and, depending on the design of the implant, it may also be in partial contact with the soft tissue: the gingiva. In most cases, the implant is supplemented by three additional parts to complete the restoration: an abutment, an internal screw and a prosthesis (illustrated in Fig. 1). The abutment will ensure the junction between the implant and the prosthesis (or crown), the abutment is screwed on the implant via the internal small screw. Finally, a custom-made prosthesis is the only aesthetic part visible from the outside and is generally glued to the abutment.

• What are the main causes of implant failure?

Today, the mean success rate and mean survival rate of implants are 89.7 % and 94.6 %, respectively, after more than 10 years[ BAZ 20]. There are five mains origins of dental implant failure and there are represented in Fig. 2.

1. Local bacterial infection/inflammation which, if not treated early, can develop into peri-implantitis which inevitably leads to implant removal [ SCH 18]. The responsible bacteria can be introduced during the implant placement but, in most cases it is a lack of hygiene on the patient side or patient risk factor such as diabetes or smoking for example [ SCH 18]. Indeed, during the implantation, the gingiva is incised and does not play its role of hermetic barrier against micro-organisms anymore. The bacteria can then enter in contact with the surface of the implant and get inside
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General introduction/context/state of the art the internal hollow portion of the implant because of gaps at the implant-abutment connection [QUI 93]. This is the most common complication with dental implants.

2. Another source of failure, rare but nevertheless mentioned in the literature, is the brutal fracture of the implant, which is the consequence of poor fatigue strength or toughness or the presence of a manufacturing defect (not detected during the quality controls of the manufacturer), of a bad dimensioning of the implant or sometimes a bad choice in implant type according to the clinical situation and orientation in the bone by the dentist [SCH 00].

3. Low resistance to wear and corrosion can result in the release of particles which are then released into the body and accumulate in various tissues, leading to serious symptoms in the patient (hypersensitivity, allergies, etc.).

4. The mismatch between elastic modulus between implant and surrounded bone may give a rise to stress shielding phenomenon, but it concerns more orthopedic implants than dental implants, this point will be discussed further, later in this introduction.

5. Finally, it can happen that during the surgery, the drilling of the bone releases too much heat [MIS 14], especially during the installation of a large diameter implant, which kills the cells present locally and prevents osseointegration for a considerable time (months), the implant will be surrounded by a fibrous encapsulation which will leads to its removal due to lack of stability and pain in the patient's jaw. 

What are the essential features of a dental implant today?

Mechanical requirements

The first criterion refers to the necessary mechanical properties adapted to the application. Obviously, it is not difficult to imagine that a tooth is repeatedly stressed throughout an individual's life. The maximum vertical biting forces are estimated to be around 89-150 N at the incisors (anterior region), 133-334 N at the canines, 220-445 N at the premolars (intermediary region) and 400-600 N at the molars (posterior region) [CRU 11]. Moreover, it appear in literature that the stress level is different between natural tooth and a tooth rehabilitation. Indeed it seems that loading of a dental implant increase stress and strain in the alveolar bone compared to those on a natural tooth which have a periodontal ligament (absorbing some stress) [ROB 19]. The resulting stresses vary according to the tooth configuration and can be in various directions. However in most of the cases, it is not a simple compression case, see for example Fig. 3 [BRU 88]. Estimating the stresses in a human jaw is not trivial and there are specific dental implant standards detailing test protocols for testing the mechanical properties of materials chosen for the manufacturing of dental implants (such as ISO 14801). The acceptance criteria are very severe and are mainly based on static and fatigue tests of the implant manufactured in the considered material. The objective of these standards is obviously to avoid any occurrence of premature implant failure due to insufficient initial mechanical properties or anomalies in the manufacturing process. As already referred, the orientation of the occlusal force stresses (represented in Fig 3 )   2022 -Laurabelle Gautier -MATEIS laboratory 5 General introduction/context/state of the art are very important: axial loads propagate the stress through the dental implant system to the bone tissue (1st interface), while oblique loads can originate overload on implant structural materials and bone tissue [PAP 96]. Plus, there are stress concentration zones [ABU 10] on the screw which is placed to fix the abutment (2nd interface), and a last interface between the prosthesis and the abutment, the materials of the different parts are generally different and under fatigue load mastication solicitation some failure can occur [ MAN 09]. In recent years, the trend in dental implants has been towards miniaturization of the implants and has been coordinated with improvements in the performance of the materials already used [ HAS 14]. Now it seems that these usual materials (Ti alloys and technical ceramics) have reached a plateau in terms of performance, which is driving the research for new materials for this application [DUR 15].

The main mechanical properties of the most common materials currently and previously used for dental implant/orthopedics implants manufacturing are summarized in Tab. 1. The materials can be separated into several groups: commercially pure titanium's and its alloys and some ceramics which are the two main groups currently used and 'Roxolid' which was specifically developed for dental implant requirements [ ION 20]. In the past, stainless steel and Cr-Co alloys were also used.

Table 1 -Main properties of materials currently used for dental implants. The gathered characteristics are: material density (g/cm 3 ), Vickers hardness (HV), Young's modulus (E) in GPa, Yield strength (MPa), the ultimate tensile strength, the strain to failure (%) and the toughness (MPa √ m). The large difference in elastic modulus (E) between these materials and the one of the cortical bone (jaw or mandibular) which is between 10 -18 GPa [ZYS 99] can raise the question of stress shielding. It is often mentioned when dealing with orthopedic implants and prostheses [HUI 93][ KAN 20] and may lead to bone resorption around a large implant 6
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General introduction/context/state of the art (e.g. hip or knee prosthesis). The phenomenon can lead to fractures and the inevitable removal of the implant/prosthesis (see Fib. 4). This phenomenon is explained by the fact that the implant will support the body's load instead of the bone itself, which will eventually resorb itself after intermediate/long term. The main idea here, is that the bone cells (osteocyte) are "stress sensor" and regulate the bone metabolism equilibrium between bone synthesis and resorption. If the cells sense stress, they will promote bone synthesis to enable the skeleton to withstand the stresses of movement (e.g. walking). If the bone is not under sufficient stimulation, osteocytes will promote bone resorption. Bone resorption is observed on patient who have been bedridden for a long time or astronauts in long time mission (absence of gravity so they did not have to support their own weight). In the case of dental implants, there is no real stress shielding phenomenon recognized, since the concerned bone is not long and others natural teeth around the implant continue to play their role and therefore regulate the synthesis/resorption balance of the nearby bone. However in literature, there are cases of a decrease in the vertical level of crestal bone (cortical bone just under the gingiva) [ALB 17]. This phenomenon can have several origins including bacterial infections, traumatic surgical protocol or pathological bone metabolism. But, one of the main reasons for this surface bone loss is probably mechanical:

2022 -Laurabelle Gautier -MATEIS laboratory 7 General introduction/context/state of the art it may be a mismatch of stiffness between the implant and the bone but this is sometimes an implant design issue [BAG 08][Vel 06]. If the load is not well distributed over the entire height of the implant (to stimulate all the bone length), there may be over-and underloading, which in the long term leads to a decrease in the crestal bone level (see Fig. 4). We also know that the bone density is more or less important (with a variation between individuals) and depends on the position in the jaw. In addition, the angle at which the implant is placed by the dentist has a strong influence on the stress distribution. The phenomenon of bone crestal resorption underlines the importance of the choice of material and design of the implant in order to obtain a satisfactory implant stability and aesthetic results.

Biocompatibility

When dealing with implantable medical devices, a second essential criterion is obviously biocompatibility. It should also be mentioned that in the case of orthopedic and dental implants, friction/wear/ageing phenomena should not be ignored and may be accompanied by ionic and/or particles release (see for example in [Bag 97] with mercury release of dental amalgams). In this context, it can be estimated that the ideal implant would consist only of atomic species recognized as being perfectly harmless for the organism. Even in the long term, the material should have excellent resistance to wear (limited ions released under stress).

In order to obtain the CE or FDA authorization, which allows a new implantable medical device to be released on the market, manufacturers are required to carry out all experiments described in the standard ISO 10993 (or equivalent), which is a mandatory. These are very time-consuming and costly steps that are necessary but greatly slows down the launching of innovative products. As it can be seen in Fig. 5, many experiments in vitro and in vivo with significant results have to be done to fulfill all the requirements. 8
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Figure 5 -This table was extracted from the standard ISO 10993-Biological evaluation of medical devices, which is the main standard to obtain a CE mark to allow the commercialization of a dental implant today. For ease of reading, the line focused on dental implants has been circled in red. Boxes filled with a cross indicate the need for the manufacturer to conduct the study to exclude the associated risk.

Osseointegration

The next property that follows directly all the required elements of ISO 10993, but goes even further is the osseointegration of the implant. Even though this property has not always been considered essential in the past [ALB 05], it is now universally accepted that the placement of an implant is mainly successful when it is osseointegrated. Osseointegration refers to the fact that there is creation of a direct contact between the bone and the implant, i.e. that bone tissue is able to form on the implant's surface. The osseointegration was first described by Branemark [BRA 86]. Branemak is a pioneer in the evolution of success criteria for dental restorations, and his work led to the shift from
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• How is an implant placed and osseointegrated?

In this paragraph, a brief description of the implant placement is given. It can be described in several successive steps:

1. The dentist will first cut away the gingiva tissue and spread it to have access to the bone underneath.

2. Then, in most cases, the dentist will drill into the patient's bone to a depth that corresponds to the height of the future implant. He will successively use several drills, first of small diameter and then larger until he has created a hole slightly narrower than the outer diameter of the implant.

3. Then, he will insert/screw the implant (generally self-tapping) directly into the patient's bone with a torque given by the manufacturer specification according to the clinical situation. It is the thread of the implant that will ensure the primary stability. During insertion, the implant is in direct contact with blood and debris of packed bone tissue.

As illustrated in Fig. 6, the presence of blood within the implantation's site is the sign of the presence of certain cell types such as: platelets, red blood cells (erythrocytes) and immune system cells. These cells will initiate the process of neovascularization (creation of new vessels) between the bone and the implant surface within the first 4 days of implantation. In parallel and for several weeks, numerous macrophages will clean the space between the surface of the implant and the still intact bone by eliminating bone and vessel debris. They will also stimulate the activation of nearby osteoblasts. Osteoblasts are the cells able to synthetize new bone material (not mineralized at first, which leads to a temporary decrease in the stability of the implant). They will attach more or less well to the surface of the implant and over time (4 to 8 months) cells will create "mineralized bone bridges" (also thanks to the good vascularization, which is essential for the survival of bone cells) between the bone present at the beginning and the implant's surface. The direct contact between the bone and the implant constitutes the secondary stability or osseointegration which is mandatory for the long-term success of the implant stability. The quality of osseointegration of an implant is assessed by direct quantitative measurements using bone-implant contact via microscopy (BIC) [GUG 19] and mechanically by pull-out and removal torque tests [CHA 10].. 10

-Laurabelle Gautier -MATEIS laboratory

General introduction/context/state of the art Figure 6 -Schematic illustration of successive steps from implantation to a fully osseointegration of a dental implant. It describes four main steps and it underlines which cellular population is involved at each step. First the primary stability is mainly provided by the implant's design. During the surgery, the implant is in direct contact with blood tissue (erythrocytes, macrophages and neutrophils). After 4 days, new blood vessels are forming which is essential for the supply of cells of the future bone. After 4 weeks, there is temporary instability/loosening of the implant since the physical contact between the bone and the implant is being synthesized (osteoblast) but has not yet taken place. Finally, after 6-8 weeks, the physical contact between the bone and implant is effective, this is the secondary stability, the implant has been osseointegrated (osteoblasts and osteocytes). Illustration extracted from [WAN 15].

• From osseconduction towards osseoinduction

The term osseointegration can be used to describe several level of biomaterial behaviors [35]. In the majority of cases, the biomaterials are 'at best' osseoconductive, i.e. they act as a passive support where the cells and molecules of the environment of the implantation site will be able to attach, spread and migrate. Then various biological processes will result in the production of new bone tissue in contact with the implant. However, the future of implantable medical devices for orthopedic and dental purposes tends to be oriented towards osseoinduction: the material is no longer a simple support but has an active role and stimulates bone reconstruction. There are different strategies to achieve osseoinduction. Most of the time it is a matter of functionalizing the surface of the support material with specific biomolecules that aim to stimulate the differentiation of specific cell types. Another approach to achieve osseoinduction is to modify the surface features of the implant. It is known that surface topography can have a significant influence on the behavior and differentiation of various cell types. Many research teams are currently working on these topics but the understanding of all the mechanisms involved and the
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Corrosion performance

Figure 7 -Illustration of the physical and chemical degradation pathways of a dental implant linked to wear and corrosion phenomena. Some wear can be present in during the implantation resulting in the release of Ti-based particles. Another way of dental implant degradation is the decrease of bone level which will let the bone and implant exposed to bacteria colonization. The present bacteria will locally decrease the pH, which will lead to dissolution of the passive film at implant's surface and release of metallic particles. The illustration was taken from [MES 21].

One specific attention of the dental sector is the corrosion resistance of the used materials. The ionic release of an implanted material into the body should be minimized as much as possible. This characteristic is all the more important in the dental sector as the implant may be in contact with an aqueous solution with change in pH over the long term (the saliva). Saliva is globally different from one individual to another in terms of composition and pH (the extremes would be 3.5 to 8.3 temporary values depending on diet according to [LOK 16]), its composition changing in short periods for the same individual, which makes its study particularly complex. Another member of the oral environment are biofilms (colonies of bacteria that synthesize their own extra-cellular matrix). Under normal circumstances (without an implant) the gingiva acts as a protective and hermetic barrier that prevents bacteria from colonizing and degrading the underlying tissue. In the case of a dental restoration, the implant/abutment junction may not be completely sealed (depending on the design and load applied) or with an imperfect gingival junction. Bacte-12
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General introduction/context/state of the art ria present in the environment can enter and proliferate in the gingiva/abutment gap and even move down to the implant/bone level [Vel 06] as described in Fig. 7. Once in place, bacteria will acidify the local environment, which can lead to corrosion and associated release of particles and can result in various consequences, including some implant removal due to peri-implantitis, systemic disorders, neurological syndromes and pain [CRU 11] [MES 21].

Aesthetics

Finally, even if the primary role of an implant is to restore the chewing function, the aesthetic aspect is primordial for the patient. Ideally, the full dental renovation is invisible and the gingiva rises well around the prosthesis which must have a color and a translucency identical to the other teeth. Teeth and the smile are of great importance for an individual's self-image especially in our western society. The importance of how others see you on the perception of oneself [HOM 15]. In Western societies, having a full smile with very aligned and white teeth is part of the standard of beauty imposed by almost all telecommunication media. Having an unsightly smile can lead to the development of a complex which can have psychological consequences for patients. As a conclusion, the requirements of a "good" dental implant can be summarized by the main following requirements: it must be biocompatible, have sufficient Yield and ultimate strengths and fatigue endurance. It should be corrosion resistant, able to be osseointegrated and must not be noticed from natural teeth. Fig. 8 is an Ashby plot showing various categories of materials according to their Yield strength and toughness. It can be seen that ceramics have the highest Yield strength (but a limited toughness) whereas the metals have the best toughness (but a limited Yield strength). These two families of materials together account for the vast majority of dental implants manufactured today. Not all metals and ceramics are suitable for the manufacture of dental implants. The following sections will focus more in details on Titanium and its alloys as well as ceramics and more specifically Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP).
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Commercially pure Titanium and its alloys

Key features and benefits

Among the biomaterials, the most common materials for the manufacture of dental implants are metallic implants and are almost exclusively represented by titanium and its alloys [LEV 51]. In this category, we find the so-called commercially pure titanium, graded from grade I to grade IV. Grade I correspond to the purest grade, whereas grade 14 2022 -Laurabelle Gautier -MATEIS laboratory IV corresponds to the grade containing the most interstitial elements (O, C, Fe, etc.). The amount of interstitial elements affects the mechanical properties of Ti. Cp Ti IV has a Yield strength (170-485 MPa) and an UTS (240-550 MPa) about twice as high as Cp Ti I. There is also the Ti-6Al-4V (also referred as TA6V or Ti64) alloy and its ELI (Extra Low Interstitial) version which show much higher mechanical properties than CpTi as it can be seen in Tab. 1. The main difference between Cp Ti and TA6V lies in the crystallographic organization: Cp Ti is single-phase with an α HCP phase whereas TA6V shows both α HCP and β BCC phases. Optimization of TA6V alloys are conducted by thermomechanical treatments, which allows grain size control and thus increases the mechanical strength and fatigue resistance. Ti and its alloys have impressive toughness and high fatigue endurance [MAR 16]. In addition, Titanium and its alloys have the ability to passivate, i.e. to form spontaneously a particularly stable protective layer of dense surface oxides [DAV 00]. This ability makes those materials particularly resistant to corrosion with a low ionic leaching even after many years of implantation. Titanium and TA6V are biocompatible and well osseointegrated materials. Titanium and TA6V were for a long considered as inert materials for the human body, but like for every foreign metallic element in the case of a large ions release (tribo-corrosion phenomenon, for example) some drawbacks could happened [ WAN 09]. However, in most of the case, no fibrous encapsulation are reported for titanium implant unlike Cr-Co or steel which is a great advantage to prevent implant loosening. The explanation of such a good properties rely mainly on Titanium chemistry [KAU 19]. After the implantation, Titanium is exposed to biological environment which can contain hydrogen peroxide. The reaction between Titanium surface oxide and hydrogen peroxide enable carbonated hydroxyapatite layer (similar to the mineral phase of the bone) to form directly on the implant surface. Finally the collagen fibers (main constituent of the organic phase of the bone) is attracted to this carbonated hydroxyapatite layer which will ensure the strong bond between the implant and the bone tissue [HAN 03]. Titanium and its alloys also have an impressive corrosion resistance especially in physiological condition, it rely on a thick, dense and stable oxide layer which spontaneously form on the implant. This layer is really well bonded to its substrate and if it is deteriorate damaged ions are continuously released in the environment but the Titanium repassivation time is really short [HAN 03] even compared to stainless steel that is one of the main reason why Titanium alloys are the gold standard choice for dental implant manufacturing.

Limitations of Titanium and its alloys

Titanium and its alloys also have few limitations. There is a quite large difference in Young's modulus between bone and titanium, which can lead to a decrease in vertical crestal bone level. The TA6V alloy is also the subject of some controversy due to its chemical composition. Vanadium and Aluminum have been recognized as having potentially deleterious effects on the body, some advocates of the precautionary principle wish to minimize its use.

Figure 9 -Pictures of two dentitions, which illustrate the aesthetic problems that can occur with the use of Titanium implants. In A, there has been a lowering of the crestal bone and the implant is directly visible and exposed to the outside environment. In B, the implant is not directly visible but it can be guessed through the transparent gingiva due to the presence of an unsightly grey area. Illustrations taken from [ BEH 20].

Finally, as illustrated in Fig. 9, there are aesthetic issues for some patients. The color of the implant can be seen through the gingiva, which is considered particularly unsightly. This may be due to a lowering of the vertical crestal bone level, a sagging of the gingiva or a particularly transparent type of gingiva [ BEH 20].

Ceramic implant

Key features and benefits

The Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) is mainly used for the manufacture of dental implants. This material has many advantages such as a very good corrosion resistance. It is widely accepted that it is biocompatible and has very good osseointegration properties. This ceramic (Y-TZP) has a particularly interesting property called "phase transformation toughening ability". This phenomenon is described in details in [GAR 75],[WAN 89]. Pure zirconia (Zr0 2 ) is at room temperature organized according to a monoclinic lattice, at higher temperature, it changes into a tetragonal lattice. In the case of Yttrium addition (doping element), Y helps to maintain the zirconia in its tetragonal lattice even at room temperature. If cracks appear on the surface of the Y-TZP, a transformation from tetragonal to monoclinic phase will take place locally in the cracked area. This transformation is accompanied by an increase in the volume of the crystal lattice (tetragonal → monoclinic), which induces compressive stress around the crack and thus hinders its propagation to a certain extent. This process increases the toughness of zirconia (ceramics are often criticized for having a too low toughness). Ceramics with this capability have 16
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General introduction/context/state of the art therefore become the materials of choice for biomedical applications; Moreover, Y-TZP implants have the particularity of having a dense white color close to that of the teeth and bone, which makes them the implants of choice in terms of aesthetic considerations. Their surface is considered as allowing the cells of the soft (gingiva) and hard (bone) tissues to adhere and proliferate more efficiently than on titanium [OSM 15].

Limitation of the ceramics

As mentioned above, the toughness of Y-TZP remains modest compared to metals and this material is thus sensitive to the presence of defects, which can lead to premature and sudden failure of some implants. Similarly, the fatigue strength of Y-TZP implants remains lower than that of a TA6V. There is a lack of long-term experience of the failures of Y-TZR implants due to the lack of clinical data over long periods. In addition, Y-TZP is subject to ageing (low temperature degradation), which is a tetragonal to monoclinic transformation that occurs spontaneously at room temperature in the presence of water. This phenomenon can gradually create micro-cracks that allow water to penetrate deeper and deeper into the material, which can lead to catastrophic premature failure [CHE 07]. For more details, a comprehensive and robust study of the difference in properties between ceramic and titanium dental implants has been conducted in [OSM 15].
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General introduction/context/state of the art Ultimately, dental implants are among the best-selling implantable medical devices in the world, with a very high implantation success rate, with decades of setbacks in the longterm fate of metal implants. So, is there really room for improvement in this application? In order to minimize the size of the area impacted by an implant placement or in complex clinical situations, it would be enviable to use smaller implants than those currently available. Unfortunately, it appears that a performance plateau for Titanium alloys and Y-TZP ceramics has been reached in terms of mechanical properties. Those properties are considered as insufficient to reduce the size of the implants. Moreover, for some patients, the bone density is insufficient for the placement of a "classic" implant. To deal with this problem, a majority of manufacturer have developed implants with the previous described materials, either wide with a large diameter or, conversely, long and narrow implants as presented in Fig. 11. Finally, to avoid the problem of stress shielding or problem of stress distribution, the ideal solution would actually be to miniaturize (in all dimensions) the implants with a material having a really high mechanical and fatigue resistance and Young's modulus closer to the bone.

Improvement of surface feature: not only osseoconduction but osseoinduction

It is widely recognized in the scientific community that the properties of the substrate on which bone tissue cells adhere can influence their behavior [ANS 10][FEL 15][KEL 03] [SME 16][WIR 08]. There are three main surface-related features that can influence the integration into a biological tissue: the stiffness of the substrate, its wettability and its surface topography (at different scales). Within the surface topography category, there are many techniques to modify the surface characteristics of dental implants which are usually machined for metallic implants and 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art sintered for ceramic implants. Implants are rarely used with a "as machined/sintered" surface state. There are post-manufacturing surface treatments widely used, such as: chemical etching and/or sandblasting (which are subtractive techniques). There are also other types of treatments such as coating techniques: anodizing and plasma spray (additive techniques). And finally, there are also other less common techniques such as laser texturing or Micro-Arc Oxidation (MAO). SEM pictures of typical dental implant surface state can be see on Fig. 12. There is no absolute consensus in the scientific community on this topic, and even sometimes results are contradictory. It is nevertheless possible to identify some major principles on the surface states of implants that have demonstrated an acceleration or a greater bone/implant contact surface compared to a machined surface state. The implants currently on the market are predominantly rough and therefore generally hydrophilic (low contact angle) [SCH 99], [HOT 16]. The roughness (more or less important according to the manufacturers) is desirable for several reasons. First, it allows the implant to be completely covered with blood very quickly when the implant is placed, 20
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General introduction/context/state of the art accompanied by a specific adsorption of proteins and circulating cells, the presence of which seems to greatly accelerate the bone healing process [KOP 15]. Furthermore, the roughness allows, with a larger specific area, to increase the bone/implant contact surface compared to a smooth surface, which will ultimately result in an improved mechanical strength of the implant after osseointegration. Finally, roughness is important for the primary stability of the implant. The surface chemistry also has a great influence on the efficiency of the osseointegration process. Titanium oxides and calcium phosphates are found on the surface of most implants. Bone tissue cells have a high overall affinity for those chemical compounds. Sandblasting or plasma spay with calcium phosphate particles or derivatives are effective ways to improve bone tissue response. The surface topographies look different under microscopy but also from the point of view of studying their surface parameters. Some surface features can be studied by interferometry or confocal microscopy [BIG 11]. Cells on the surface of implants are able to organize themself, spreading out, moving and adapt their shape to a surface. The study of cell/textured surface relationships is a recent topic for which there are still many questions. Nevertheless, it is accepted for example that the concave or convex character of a surface can induce variable stress on the nucleus of the cell, which can induce cascades of metabolic signals that can lead to various outcomes, such as multiplication, displacement or entry into the differentiation process [ ANS 18]. The understanding of cell/roughness interactions and especially their control is undoubtedly one of the main levers to reduce the healing time of tomorrow's dental implants. 
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Chemical composition of the material

Another area for improvement is the chemical composition of the alloys, as some of the doping element are currently being debated due to their potential harmfulness to the body. Tab. 2 below is a summary of elements that are currently controversial or already considered harmful in alloys for biomedical applications. Ideally, an alloy should not contain any of these elements, in particular Cobalt, Chromium, Aluminum, Vanadium. TA6V also contains significant amounts of Aluminium and Vanadium.

Copper may be considered harmful, but it has also an antibacterial effect [LI 19] at specific concentration and some really deleterious effect on the body's cells has been already demonstrated in the case of intra-uterine device (IUD) [COR 04] in short term after implantation which is far from dental implant situation. 

Biocompatible elements

Harmfull elements (adverse body reactions) Ti, Nb, Ta, Zr, Si, Mo, Sn, Pd, In, Sr, B, Ca, Mg Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag Only few materials can claim to meet such severe chemical specifications such as: cp-Ti and ceramics. However, a new category of material discovered only a few decades ago, called Metallic Glasses (MG) or amorphous metallic alloys could well meet all these requirements. This new type of materials is presented in the next section. 

Introduction to metallic glasses

Amorphous structure

Metallic glasses are materials made up of several different metallic atomic species in significant proportion. What differentiates them from most metals we use, is the organization of the atoms inside the material as illustrated in Fig. 14. Most of the metallic materials are under crystalline structure in their equilibrium state, with short and long-range order (mono or poly-crystalline and mono or multi-phased). On the contrary, amorphous solids like metallic glasses do not have organization or eventually very-small range order (some inter-atomic distances). Figure 14 -On the left, schematic illustration of a typical metal structure: short and long range order of the atoms. Crystalline metals have generally grain boundaries and defects(lacunae, interstitial element and dislocations). On the right, amorphous metallic structure with at least 3 atomic species with neither long nor short range ordering.

Manufacturing metallic glasses

Metals are known for their ease of crystallization. Metallic atoms have the ability to rearrange themselves at very high speeds [DAV 75], so the whole challenge of metallic glasses lies in the cooling rates that can be experimentally achieved with current means and therefore directly limits the size of the parts that can be obtained. Indeed, the greater the thickness of the part, the more difficult it will be to manufacture it as an amorphous solid, with a risk that the core of the piece will be crystalline. A schematic TTT (time/transformation/temperature) diagram is represented in Fig. 15. On the left graph (A), the situation for a conventional metallic alloy (crystallized) is represented. In order to remain in the supercooled liquid domain at room temperature (light blue area), it is necessary to either: cool fast enough to avoid the crystallization Glass formation can therefore only occur if the system is cooled quickly enough (not sufficient time for crystal nucleation and growth). The cooling rate during manufacture will determine the amount of free volume between the atoms. The higher the cooling rate, the more free volume there is. The amount of free volume has a direct influence on the mechanical properties of the alloy. The glass transition temperature depends on the amount of free volume trapped in the glass, the faster the glass is cooled, the higher the free volume and finally the higher the glass transition temperature. For each BMG, there is not only one T g but several according to cooling rates, then it is better to talk about a fictive temperature (T f ic ) which more accurately describes the kinetic aspect of the glass transition temperature. As can be seen in Fig. 16, at higher cooling rates, the fictive temperature is shifted to higher temperatures: Glass 1 is cooled faster, it has a higher T f ic and its volume is slightly larger than those of glass 2. Glass 2 is cooled at a slower rate, has a slightly lower fictive temperature and its volume is smaller. The difference of 24 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art volume between metallic glasses (that would have been cooled down at different rates) may then have an influence on mechanical and other properties.

Figure 16 -Graph of volume versus temperature during crystal and glass formation. Above the liquidus, temperature the metal is completely liquid. In the case of a conventional alloy (1) the atoms rearrange into crystal(s) which drastically reduces the volume in the material. In the case of a metallic glass cooled down quickly enough, it remains in the supercooled liquid (SCL) zone (2) and there is a much smaller decrease in volume than in the crystal. It is possible to obtain two metallic glasses of the same composition with different cooling speeds, both will be amorphous. But if the cooling is faster (glass 1) the material will have a slightly larger volume than in an amorphous that has been cooled a little more slowly (glass 2). The difference of volume between the two metallic glasses can have influence on mechanical and other properties. Image taken from [BOC 19].

Influence of alloy composition • Inoue's Laws

The ability of an alloy to be obtained in an amorphous state is very much conditioned by its chemical composition. • three or more different atomic species (the more, the better),

• large atomic radius mismatch between species (at least 12%),

• mixing enthalpies between species as negative as possible.

Up to date, many BMGs have been developed by these three empirical rules method. In the case of eutectic or near eutectic compositions, it is known that the metallic elements 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art of the alloy will have difficulty in mixing with each other. Those specific compositions have a specific characteristic during solidification (slow cooling), the material is passing from liquid directly into two crystallized phases solid at a quite low temperature (compared to other composition of the same system). The resulting BMG's compositions were most often a near deep eutectic composition [BUS 07].

The concept of GFA (Glass Forming Ability) is strongly associated to Inoue's laws and is the main indicator of the possibility of an alloy to be manufactured as a bulk metallic glass. The evolution of GFA estimation over time is described in details in [ JIN 09]. Initially it was mainly the temperature range of the supercooled liquid region (i.e. the difference between the crystallization and glass transition temperatures, ∆T = T x -T g ) [INO 93]. The larger the difference, the larger the diameter of the amorphous metal parts can be. As new compositions appeared, the community realized that the experimental data did not match the previous simple calculation very well. New criteria appeared, such as Gamma (γ = Tx (T l +Tg) ) in [LU 02] and Delta (δ = Tx (T l -Tg) ) in [CHE 06], which depend also on T g , T x and T l (liquidus temperature).

• Theory of free volume

There is an important concept to take into account when dealing with BMGs: the concept of free volume for metallic glasses, which is the free and available space between the disorganized atoms in the amorphous solid. This thermodynamically unstable state of supercooled solid contains a significant quantity of free space inside its own structure but it tends to decrease with time, because the material tries to reach an equilibrium state. If the free volume of the material slowly decreases, it will therefore increase the atomic density of the material with time. The available free volume has a direct influence on the possible atomic moves and it directly influences the properties of the material (mechanical and chemical properties)[LIM 10]. Some teams are currently working on the refinement of BMG relaxation state by heat treatment to optimize the amount of free volume, in order to improve the mechanical properties. The concept of free volume and BMG deformation mechanisms will be developed further in the BMGs mechanical properties section below.

After the presentation of those theoretical principles on BMG manufacturing, the different processes used to produce metallic glass under different shapes will be described in the section below.

Cooling faster: metallic glass manufacturing

Because metallic atoms have natural facility to organize themselves into crystals lattice, it is difficult to produce them under amorphous state. In practice, there are different ways to produce metallic glasses (thin films, ribbons and bulks), all the processes described below are based on obtaining the fastest cooling rate as possible. The PVD (physical vapor deposition) sputtering is commonly used to make thin film metallic glasses. It is a succession of several atomic layer sputtered from pure or alloyed metallic elements targets (principle illustrated in Fig. 17). This manufacturing process is mostly a strategy for manufacturing coatings to protect or confer new properties to massive parts made of other materials. For example, [ETI 17] used thin metallic glasses (MG) film for antibacterial activity and [TSA 12] for sharpness improvement of surgical blades. This method is also used to screen potential BMG grades without the need to use a large amount of sometimes precious metals and without the problem of repeatability/mastery of bulk shape manufacturing like in [LOU 17] for mechanical and biocompatibility tests. This approach is mainly targeting corrosion or wear resistance objectives. PVD allows much higher cooling rates than the next following methods.
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Melt spinning

Figure 18 -Picture and scheme illustrating the melt spinning process to obtain amorphous ribbons. The alloy is heated to its liquid state, then a valve is opened to let the liquid flow at a low rate (ribbon width control) over a water-cooled copper wheel. The wheel rotates throughout the process at a controlled speed (which will depend on the viscosity and the desired ribbon thickness). This process has important cooling rates but only allows to produce ribbons, not bulk samples .Illustration taken from: https/:hittech.com (left image) and [ RON 18] (right image).

The melt spinning is a technique used to manufacture metallic glass in ribbons shape with controlled width (milimetres to centimetres) and thickness (10µm to 800µm). It is presented in Fig. 18. In a typical melt spinning process, there is a rotating a water-cooled copper wheel (high thermal conductive materials) under a closed heated crucible which contain the master alloy. When the liquidus temperature is reached, a thin stream of liquid metal is dropped onto the surface of the rotating wheel. The heat of the molten liquid is absorbed into the roller rapidly. The cooling rate reached is on the order of 10 4 -10 7 °C/s, which is fast enough to prevent nucleation and growth of stable phases for a wide range of MG compositions.

The cooling rate of the melt-spinning process depends on the several factors below [ RON 18]:

• the thickness of the future ribbons is normally controlled by changing the spinning speed of the copper wheel;

• the width of the ribbons is controlled by the opening diameter of the ejecting nozzle and pressure;

• the cooling rate depends on the heat transfer from the melted alloy to the copper wheel surface, which depends on interface energy between the melt and the roller surface, heat conductivity of the roller material, heat transfer between the roller and cooling water, etc.

Melt spinning is mainly used as a preliminary step to the manufacture of bulk MGs (if the tested composition is not amorphous in ribbons, there no chance that it will be 28 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art amorphous in bulk form). The cooling rate in melt spinning is intermediate, slower than the one achieved in PVD but much higher than that of copper mold suction casting (presented in the next paragraph). There are direct applications of these ribbons, notably in the field of magnetism and electrical conduction [INO 08].

Arc-melter furnace -Copper mold suction casting

Figure 19 -Three pictures of the arc melter with suction casting device used in this thesis at Mateis laboratory. A, is a general view or the arc melter installation. On the picture several elements can be seen such as: the generator to create the electric arc, the handlebar to guide the arc into the chamber, the manipulator to flip the master alloy and the foot switch to open the valve for suction. B, is a picture taken inside the chamber, which is a massive copper plate with cooling channels. There are three crucibles to handle the master alloy preparation and one perforated crucible in the middle for the suction casting. C, is a picture of 3mm rod copper mold.

In this thesis, the focus is on arc melting furnace and suction casting illustrated in Fig. 19, essentially because the target application is dental implant manufacturing and it requires bulk parts. The principle is simple and starts with the preparation of the master alloy, i.e. the alloy with the targeted chemical composition in the form of an ingot and in crystalline state,(master alloy). To obtain this, the pure metals are precisely weighed and meticulously cleaned before being melted together in the arc furnace chamber using an intense electric arc in a neutral atmosphere (Argon). The master alloy can be melted/flipped several times by using the manipulator, in order to be homogenized in a crucible before it is considered ready to be cast. The arc melter suction casting is used to make bulk samples generally in rod shape but not exclusively. One of the crucial parameters in copper mold casting is the diameter of the mold used (as illustrated in Fig. 19C). Indeed, the dimensions of the mold directly General introduction/context/state of the art condition the cooling speed of the alloy. The larger the diameter of the mold, the lower the cooling rate of the alloy and the more time the alloy atoms have to reorganize and form crystals [KOZ 15]. For the suction casting step of sample preparation, presented in Fig. 20, the master alloy will then be placed in the central crucible (as illustrated in Fig. 19B andC) drilled above the rod copper mold. Once the metal is considered perfectly liquid under the electric arc, the valve between the furnace chamber (under neutral gas) and the casting part of the furnace (secondary vacuum reservoir) is opened. The pressure differential sucks the liquid metal into the copper mold, which allows the alloy to cool down quickly.

Figure 20 -Schematic illustration of the suction casting process. On the left, the molten alloy is in the central crucible just before suction, the suction valve is closed and there is Argon everywhere but in the secondary vacuum reservoir. On the right, the operator did used the foot switch (and switch off the electric arc) to open the suction valve, the pressure difference will push the liquid metal into the rod copper mold which will quickly cool down the alloy.

The composition of the alloy is the key parameter to consider whether a bulk sample can be amorphous, partially or fully crystallized[TUR 69] [INO 00]. This feasibility is reflected in the GFA and critical diameter already described above (calculations formulae are detailed in the 'Materials and Methods' chapter). In practice, researchers generally carry out casting tests with molds of increasing diameter. Then, they characterize the resulting rods through XRD to check the macroscopic presence or absence of diffraction peaks (which reflects the presence or absence of a crystalline organization), which is the 30 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art most common experimental method for obtaining the critical diameter. For GFA calculations, researchers rely mainly on DSC (differential scanning calorimetry), a technique based on recording the difference of heat flow between an empty crucible and a crucible containing a piece of metallic glass subjected to one or more controlled thermal cycles in order to determine T g , T x and T l [BAD 07].

Others methods (tilt casting, sintering and additive manufacturing)

In addition to the most conventional methods described above, there are other techniques for the manufacturing of bulk metallic glasses. The following list is not exhaustive but aims to provide an overview of other methods that exist:

• Tilt casting is another method of making solid parts. Like suction casting, it involves the use of an arc melter furnace. The main difference is that the crucible containing the liquid metal alloy can be tilted to quickly fill a copper mold [SOI 11]. The cooling rates are of the same order of magnitude as those obtained in suction casting.

• SPS (spark plasma sintering) can be used to make bulk samples. This requires an amorphous powder of the desired composition which can be obtained by atomization (as for additive manufacturing processes). Then it is possible to choose the pressure, temperature and holding time of the SPS device to sinter and compact the amorphous powder grains. Thus it is possible to obtain fully dense parts at a temperature well below T g to avoid any crystallization [HAR 09].

• Additive manufacturing is a method that has been gaining interest for just over two decades. These techniques are based on selective laser melting (SLM) or electron beam melting (EBM) technologies which consist of the melting of amorphous powder grains layer by layer. The laser allows very high heating and cooling rates to be achieved in each layer. With this process it is possible to overcome the notion of critical diameter to obtain large parts with complex geometries [ MAH 18]. However, this manufacturing process needs to be further studied, understood and improved as the printing parameters must be optimized for each grade of metallic glass to avoid crystallization. Indeed, there is a heated affected zone (HAZ) which corresponds to the equivalent of a short annealing of the layer below the printed one and results in partial crystallization of the metallic glass [ WU 12]. There are also problems with residual stresses occurring during the printing process which may lead to cracking of the parts [WIL 17].
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Specific properties of metallic glasses

Mechanical properties at low temperature

In this section, some properties shared by the majority of metallic glasses will be presented. This section aims to give the reader an overview of the potential of metallic glasses. The specific properties of Ti 40 Cu 36 Zr 10 Pd 14 , specifically studied during this thesis, will be detailed later in this section.

• Deformation behavior

The mechanisms of fracture and deformation are different from those of crystalline metals. Given the absence of long-range organization, the notion of defects (dislocations, gaps, etc.) cannot be considered when understanding the mechanical behavior of BMGs. After a review of the literature, it seems that metallic glasses can be separated into two categories, on one hand, the ones that show macroscopic brittle behavior and on the other hand, those that show some plasticity. The deformation of metallic glasses takes place in the same way for all grades at low temperature, there is a heterogeneous local deformation which results in the appearance of shear bands on the maximum shear stress plane. A shear band is a very local (nanoscale) plastic deformation associated with local thermal activation. The formation of bands has been theorized by many authors, most notably Argon [ARG 79] and Spaepen [SPA 77]. For Argon, it is rather a question of shear motion of clusters of a hundred atoms moving to accommodate the shear stress. In order to move, the atoms involved need to change their energy level. This change in energy level results in the formation of STZs (shear transformation zones), which are not considered as defects. Indeed, it is theoretically impossible to anticipate the formation of a shear band in metallic glass since there is no structural defect/noticeable point related to their occurrence. However, it is known that failures generally occur along the maximum shear plane. For Spaepen, it is rather a matter of discrete atomic jumps in series. This theory is directly linked to the one of free volume, since atomic jumps would be facilitated in the presence of a large free volume in the metallic glass. The amount of free volume frozen in the glass during casting will have a very important influence on the deformation of the grade considered. As with crystalline metals, it is the thermal history that determines the behavior of the material during mechanical testing. Both shear band mechanisms are illustrated in Fig. 21. Several criteria have been developed to correlate the intrinsic properties of the material and its macroscopic mechanical behavior (ductile or brittle). Here we describe the work of [LEW 05] and [KUM 13]. [LEW 05] highlighted the use of the µ/B ratio (µ is the shear modulus and B is the bulk modulus) to estimate the mechanical behavior of each grade at low temperatures. They show that the lower the µ/B ratio, the greater the chance the material to show plasticity. The higher the µ/B ratio, the more likely the material will exhibit brittle behavior. The µ/B indicator is also used to estimate whether an annealing treatment is likely to lead to embrittlement. Generally, annealing results in structural relaxation, i.e. a decrease in free volume in the material. According to the Spaepen model, if the free volume is reduced, there will be less space available for atomic jumps to take place, which will lead to immediate brittle fracture and hence embrittlement after annealing. In Lewandoski's article, they state that if µ/B is between 0.41-0.43 or equivalently a Poisson's ratio µ is less than 0.31, the BMG will have a brittle behavior. It is interesting to note that the Poisson's ratio of BMGs is about 2/3 of their crystalline counterparts, yet BMG are more brittle than their crystalline counterparts. However, this model seems to have some limitations, as highlighted in [ MAD 12]. A more recent approach by [KUM 13], further extended by [ KET 18], claims the existence of a fictive temperature T f ic specific to each metallic glass composition which depends also of its thermal history, which is an overall indicator of the structural disorder inside a glass. There is also a critical T f ic which is the temperature for which structural relaxation is the fastest (relaxation nose). Further information on the determination of the fictive temperature is available in the article of Tong et al. [TON 15]. The main idea is to perform some isothermal thermal treatments at different temperatures and different durations and then followed by mechanical tests to determine the positions of the relaxation and crystallization noses. What we learn from
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General introduction/context/state of the art Kumar et Al. work is that each BMG has a crystallization nose and a structural relaxation nose. It is the position of the relaxation nose in relation to the crystallization nose in the TTT diagram that will determine the mechanical behavior of the alloy at room temperature and its susceptibility to become brittle following relaxation as presented in Fig. 21. For all BMGs, the cooling rate of the alloy is considered sufficient to pass the crystallization nose (R c ). There are then two configurations. For the first, the relaxation nose is shorter than the crystallization nose, which corresponds to type I BMGs, then an amorphous but relaxed and therefore brittle BMG at room temperature is obtained. For the second, type II BMG, the relaxation nose is longer than the crystallization nose. The cast BMG obtained will have a sufficient amount of free volume to allow plastic deformation at room temperature. From a practical point of view, the authors suggest to calculate the difference T f -T f ic .

• If T f -T f ic < 0 then the BMG is a type I, it will be brittle and susceptible to anneal unless even faster cooling (increasing T f ) can prevent crystallization and relaxation, the BMG can therefore become ductile.

• If T f -T f ic > 0 then the BMG is a type II, it will be ductile in its as cast form and not very sensitive to structural relaxation. One of the most remarkable properties of metallic glasses is their extremely high Yield strength. In fact, most compositions have a Yield strength and mechanical strength between 1 and 5 GPa (close to the theoretical limit)[ECK 07][SCH 07c]. The explanation for such Yield strength lies mainly on the abscence of disclocations, lacunae or intersitial elements. For the cristalline materials those defects allow plastic deformation under lower shear stress than the theoretical stress expected. Indeed, in the case of BMG at room temperature, the atoms have a very limited mobility but the distances between the atoms being globally higher (density slightly lower than the crystalline equivalent) allows a considerable stress in the elastic regime.The free volume gives some space to the atoms inside the material to move more easily and which reduces the interaction forces between atoms. The hardness of BMGs is globally high up to 1100 HV [SCH 10], making them very appropriate for wear application. Morover, the absence of defects and dislocation slow down the strain of the material because there is no starting point. If we remain in the elastic regime, the material will return to its initial state when the stress is removed, but the stress is stored as elastic energy and must be released. Metallic glasses therefore have a higher mechanical strength than steels and ceramics as illustrated in Fig. 23, such a combination of properties makes them more than attractive as structural materials [ASH 06]. On the other hand, metallic glasses have a relatively low Young's modulus, generally between 80 and 100 GPa as represented in Ashby plot of Fig. 23. These values are lower than those obtained on their crystalline equivalents. This property is mainly due to the presence of free volume.

• Toughness and fatigue endurance

There is currently no general trend in the literature to describe metallic glasses. Amorphous metals therefore exhibit toughness values that vary from as low as the values characteristic of brittle ceramics to as high as the engineering metals [ASH 06][DEM 10] [NAR 15]. This can be compared to high performance steels and technical ceramics where the toughness is respectively superior to 100 MPa.sqrtm and between 5 to 8 MPa.

√ m as illustrated in the Ashby plot Fig. 24. It appears again that the toughness depend on the amount of free volume. The lower the free volume, the lower the toughness is [KRU 11]. On the contrary, the fatigue endurance limit increases when the free volume is reduced (probably because it limits the fatigue crack initiation)[LAU 08]. 
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• Bulk metallic glass composites

There is another approach to obtain a solid metallic glass with ductile behavior without having to sacrifice its Yield strength. Many teams are currently working on the development of metallic glass "composites" [ECK 07][CHE 21][HOF 13][HOF 08]. In most cases, seeking to have an amorphous matrix with the advantageous properties of typical BMGs (low Young's modulus, very high Yield strength, etc.) with reinforcements consisting either of another material or by a partial crystallization of the considered BMG (crystalline reinforcement embedded in amorphous matrix of the same composition) during its man-2022 -Laurabelle Gautier -MATEIS laboratory 37 General introduction/context/state of the art ufacturing process. The presence of reinforcements in the material is intended to improve the plasticity of the material at room temperature once the Yield strength is exceeded. To date, several BMG systems have proven to be good candidates for the manufacture of metallic glass "in situ" composites, i.e. a crystalline phase usually forms in the amorphous part during the manufacturing process. Since the appearance of the crystalline phase is conditioned by the chemical composition of the alloy and the cooling rate, the challenge in the production of these composite materials is to optimize the amorphous /crystalline volume ratio. Zr-Cu [ESC 19] and Ti-Cu-Ni [GAR 13] based alloys are the main systems studied in this direction. In these alloys, during manufacturing, a B2 type phase appears. This metastable phase has the capacity to undergo a martensitic type transformation under stress or during a heat treatment associated with an increase in the volume of the lattice (B2-> B19')[LIU 12b] [PAU 09]. Some teams have demonstrated the ability of specific BMGs to significantly increase their toughness or fatigue strength thanks to their ability to slow down crack propagation (blocking effect).

Corrosion Behavior

Corrosion resistance, which as mentioned earlier in the introduction is an essential property for use in the medical sector, is also an advantage of most metallic glasses. Amorphous metal alloys have generally better corrosion resistance than their crystalline counterparts [RAM 15] [SCU 07][WAN 13b]. This trend can be explained by several factors. First, due to the lack of grain boundaries, which are often the starting point of the corrosion process via pitting or crevice corrosion. In addition, BMGs have a very homogeneous chemical composition, unlike crystalline metals which may contain several phases with different chemical compositions. Changes in composition can cause local changes in potential which can result in galvanic coupling. Nevertheless, like most of the properties mentioned in this section of the manuscript, the chemical composition of the considered grade has a major influence on its corrosion resistance [BHA 98][PAR 02]. It can be noted that Zr-based and Ti-based alloys benefit from the phenomenon of passivation (spontaneous creation of a very adherent oxide layer) which generally provides them a high corrosion resistance also in amorphous state [WAN 13b].

Thermoplastic forming

As the final application targeted in this manuscript is dental implant, we have been focusing so far in the mechanical properties of metallic glasses close to room temperature (37°C for a dental implant). But the phenomena mentioned above are no longer applicable when approaching the glass transition temperature. According to the graph in Fig. 26, if the deformation mechanism is non-homogeneous at room temperature and for very high mechanical stresses, there is the appearance of shear bands (purple zone), and thus the material behaves differently depending on the applied load, temperature and loading speed • At low stress and temperatures below 0.8 T g , the material remains in the elastic range (white zone).

• At low stress and temperatures above 0.8 T g , the material switches to a homogeneous deformation regime in the Newtonian regime (yellow zone).

• At higher stresses and above 0.8 T g , the material switches to a homogeneous deformation regime in the non-Newtonian regime (orange zone).

The ability of amorphous metals to deform near T g is equivalent to that of thermoformable plastics. Metallic glasses therefore have the ability to be shaped by the same processes as those used for polymers. As described above, near T g it is possible to deform the material without crystallizing it (see Fig. 27). In the case of a dental implant, this characteristic represents a great advantage compared to crystalline materials. Metallic glasses therefore offer the possibility of obtaining parts with complex surface features [BER 17] [SAR 17][SCH 07b]. In the case of dental implants, this property offers the possibility of surface texturing with precise and customized patterns to improve the integration of the implant in its biological environment. Metallic glasses are difficult to produce and often contain very expensive chemical elements (Platinum, Palladium, Gold, etc.), which limits their use in industry (depending on the final piece use). However, their aesthetic properties (very shiny and not easily scratched), make them a material of choice for watchmaking and jewelry. In addition, their amazing ability to store elastic energy and then release it, has led to the development of high-performance technical sports equipment such as golf clubs and tennis rackets that have no equivalent (see Fig. 

BMG applications

BMG grades for biomedical applications

General overview of BMG biomedical grades

In the Tab. 3, a non-exhaustive presentation of promising grades of solid metallic glasses developed for biomedical applications is given. Not all of biocompatible BMGs grades have been listed because there are too numerous, but these are the most promising ones and their main characteristics have already been determined. The selection was based on the main requirement for dental implants, namely critical diameter, UTS, ductile behavior, Young's modulus, biosafety and corrosion resistance. The majority of the grades are Ti and Zr based and generally do not contain harmful elements. However, some of them do contain Ni/Al/Ag, which are controversial [CAL 13]. Nevertheless, these grades largely meet the current standards of in vitro tests, especially because these materials release very few elements into their environment. Given the vast number of candidate grades for biomedical applications, each with more attractive properties than the previous, one can wonder why there are currently no commercial medical devices on the market ? 

The paradox of metallic glasses: a lot of research and articles but very few commercialized products

A large number of articles (see Fig. 29) have been published on bulk metallic glasses, which are often described as very promising for many applications. However, the number of real industrial outlets is actually limited to niche applications. The expected democratization of metallic glasses has not yet taken place. In this paragraph, possible explanations for BMG's absence from the medical market are discussed. 

The gap between research and industry (different objectives, means of characterization, quality approach, etc.)

The specific case of metallic glasses illustrates particularly well the differences in priorities between the academic and industrial field. While the researchers are seeking novelty and proof of possible industrial application, others (industrials) see it as a technical achievement that is only accessible at laboratory scale (academic) and cannot be transferred to the mass production. In many publications, researchers will often highlight the most attractive properties, while not reporting possible defects in the parts, which are probably related in the case of BMG to the complex manufacturing process. In a large number of publications, X-ray diffraction is the only method used to assess the fully amorphous state of the piece, not as a strategy but rather because of the unsuspected nature of some defects. We will see in chapter 1 that this technique may not be sufficiently sensitive in some cases to detect heterogeneities of crystalline nature. Another feature of many papers on the mechanical characterization of metallic glasses is the almost systematic and exclusive use of compressive tests. It is true that compressive tests are particularly easy to set up, the used specimen are small and easy to prepare, resluts are generally reproducible and show a high compressive strength, a relatively low Young's modulus and plasticity before fracture. But on the same alloy, one can have radically different results in tensile test[ZHA 03a] [ZHA 03b], with a lack of reproducibility, premature failure and above all a brittle macroscopic behavior making metallic glasses much less attractive to industry. There is no enough comparable data on fatigue endurance and toughness evaluation [NAR 15] [GON 16].

'Unpredictable' results with copper mold suction casting

On the other hand, the manufacturing process of metallic glasses by arc melting turns out 42
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General introduction/context/state of the art to be relatively unpredictable with many parameters that can have an influence on the final state of the obtained rods (continuity, surface aspect, length, porosities, unmelted zone...). The manufacturing process is not enough discussed in the literature despite a panel of "specific laboratory" protocols that team keeps to themselves. The adaptation of the suction casting process to mass production is relatively complex and above all very sensitive according to the targeted application and depends also on the alloy's composition. Moreover, the quality control associated with the production of these parts, particularly in the medical and aeronautical fields where manufacturing defects are not tolerated, can be very costly and therefore prohibitive.

Limiting medical innovation through regulation

It should also be kept in mind that there is an increasing amount of regulatory work to be done for a new medical device to obtain CE or FDA approval for the launch on the market. The whole process of bringing a new medical device to market is very expensive which will strongly prevent small companies from making such an investment. In future, it is probable that only large companies will be able to finance the innovative implants of tomorrow. In order to encourage manufacturers to invest in the use of metallic glasses at industrial scale, it will be necessary to demonstrate the superiority and show repeatable results of BMGs over more conventional solutions which have already proved their efficiency in the case of dental implants. In addition to the manufacturers of the implants, it is also necessary to convince the health professionals who are ultimately choosing the implant reference they will use for their patients. • In addition, this grade has a critical diameter of 6 -7 mm announced by [ZHU 07a], [ZHU 07b], which is a sufficient diameter for the machining of conventional size implants (diameter less than 4.5 mm) or narrower and therefore a possible miniaturization of implants.

The Ti

• This grade has much better mechanical strength in compression and tension (2000 MPa) compared to TA6V (930 MPa) combined with a Young's modulus approximately 12% lower than for TA6V (115 MPa).

• The fatigue life and toughness of this specific composition alloy have not been published so far but Alethea Liens [LIE 19] did some experiments during her PhD to determine them. She estimated the fatigue endurance by rotative bending test and following the ISO 14801 standard. The toughness was evaluated with Single-Edge
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General introduction/context/state of the art Notched "V" Beam (SENVB) in four-point bending test. The results were satisfactory given the intended application (results presented partly in chapter 1). The study of [YAM 14] showed interesting fatigue endurance limit of Ti 40 Cu 34 Zr 10 Pd 14 Sn 2 alloy of 762 MPa but with a lack of repeatability incriminating casting micro-defects.

• The corrosion resistance of this grade is not as good as that of TA6V but it has been considered so far to be more than sufficient for dental use [129], [130]. 

Problematic and Challenges

This thesis project aims to critically and objectively evaluate the Ti 40 Cu 36 Zr 10 Pd 14 grade as a biomaterial for a dental implant final application. While manufacturers in the sector seek innovation to improve the performance of their implants, to our knowledge no new material has been brought to the medical device market in the last decade. The state of the art on Ti 40 Cu 36 Zr 10 Pd 14 BMG alloy unanimously portrays the grade as being particularly well suited to the requirements of the dental sector, especially because it has been already shown to be biocompatible. This grade has impressive (compressive) mechanical properties that could allow implant's miniaturization and has the potential to provide innovative surface texturing at low cost. However, the work of Dr.Aléthea Liens during her PhD [LIE 19] has first highlighted the lack of reliability of this grade. Indeed, she noted a global scattering, particularly during mechanical characterization under tensile and fatigue loading. Apart from a no more than correct corrosion resistance and a relatively low toughness, she also noted the presence of spherical defects (which will be called spherulites hereafter) on fracture surfaces. The spherulites have been observed particularly in tensile and rotating bending tests (fatigue tests). This thesis follows the investigations of Aléthea Liens on the BMG grade Ti 40 Cu 36 Zr 10 Pd 14 and aims to answer many of the following questions that we have attempted to answer in each of the chapters during this PhD work.

• What is the number spherulites in cast rods and their distribution in terms of size ?

• How can their presence be systematically detected ?

• Do they influence the mechanical and electrochemical properties of the BMG ? Chapter 1 is a published work [132], where we highlighted the presence of those spherical crystal defects and estimated their size and distribution in the rods made by copper mold suction casting. The spherulites are not easy to detect, which explains to a large extent why very little work has been done on the detection of such defects. In this context, we also need to understand what is the impact of spherulites on the mechanical properties and on the corrosion resistance of this BMG. The discussion will highlight the importance of detection of the spherulite's presence, which in our case have a significant deleterious effect on the mechanical properties of the alloy mainly due to their too large diameter leading to premature failure. This chapter will discuss the need to identify the nature of the spherulites in order to help to control their size and distribution to maintain the high potential of this grade for the manufacturing of dental implants.

• What is the microstructure and crystalline organization of a spherulite ?

• Are there several phases ?

• What are these phases ?

• How do spherulites appear ?
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In addition to understanding the influence of spherulites on the properties of the grade, there is a need to understand what spherulites are made of in terms of microstructure and to identify the present phases. Chapter 2 (article under submission) will focus on an indepth study of the microstructure and crystallography of spherulites. It is mainly based on electron microscopy observations. The discussion of this chapter will focus on a scenario for the appearance and growth of these spherulites in Ti 40 Cu 36 Zr 10 Pd 14 metallic glass. It will also give some clues on the possibilities of eliminating/reducing the size of spherulites inside the rods.

• Can the spherulites be eliminated/reduced in diameter by changing the casting parameters ?

• Do these changes in the casting process have an influence on the mechanical properties of the BMG ?

• Can heat treatments change the size and crystallography of spherulites ?

Chapter 3 will present the study of the influence of the casting process parameters on the mechanical properties and investigates the "thermal stability" of spherulites. This chapter's discussion will highlight the difficulty in obtaining this alloy in a fully amorphous bulk and the difficulty in controlling suction casting process by arc melter. Despite attempts to customize the structure of this BMG as a composite (amorphous matrix + crystalline spherulite), the chapter will end with a questioning of the choice of alloy composition and the possibility to try others composition in the same atomic system for dental implant manufacturing.

• What is the structure of the alloy in its equilibrium state (fully crystalized alloy) ?

• What phases are present ?

• Are they the same as those of spherulites ?

• What is the corrosion behavior of the equilibrium alloy ?

• Can the chemistry of the equilibrium alloy's phases help us to suggest promising amorphous grades ?

Finally, Chapter 4 will deal with the characterization of the alloy in its equilibrium form, i.e. fully crystallized (master alloy). It will be discussed that behind a complex microstructure different from spherulite, the alloy is polycrystalline and its phases have very different chemical compositions and corrosion resistances. Through the study of the master alloy, we found as an opportunity to do a screening of potential new grades discriminated by electrochemistry. Among the master alloy's phases, some seem promising and will be the subject of a casting test to evaluate their potential to be produced in bulk amorphous form. Finally, a general conclusion will summarize the main results of all the chapters and will attempt to provide a clear and unbiased analysis of the future of the Ti 40 Cu 36 Zr 10 Pd 14 BMG grade for the manufacture of dental implants. In order to distance 46 2022 -Laurabelle Gautier -MATEIS laboratory 

Materials and Methods

Sample preparation by copper

Sample preparation by copper mold suction casting in arc melter

The arc furnace and its operation have already been presented in the introduction of the manuscript (Figures 19 and20 

Conventional protocol of amorphous rods (chapter 1 and 2)

Ingots with a targeted composition of Ti 40 Cu 36 Zr 10 Pd 14 (at.%) were prepared by arc melting furnace from previously carefully washed pure elements (see Fig. 30A). Rods with 3 mm and 5mm diameter were prepared using a suction copper mold-casting apparatus (Arc melter AM 200, Edmund Bühler GmbH, Bodelshausen, Germany), with a primary vacuum below 5x10 -2 bar and a secondary vacuum below 5x10 -5 bar. Before switching on the electric arc, the chamber was filled with 0.7 bar of high purity Argon atmosphere (Air Liquide). The current intensity was 200A, raw materials were melted and flipped 4 times for 30 seconds each time to obtain the master alloy (see Fig. 30B). The master alloy was melted and flipped again 2 times before suction casting (see Fig. 30C). 50
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Effect of liquid temperature and hydrogen pollution on rods (Chapter 3)

The electric arc intensity effect on the alloy were investigated by using 200A, 300A and 400A (associated with 6 melts and flips). The number of melts/flips were investigated too with comparison of a classic 6 melts/flips and 14 melts/flips before suction. The role of hydrogen in spherulite apparition was investigated by replacing the classic filling of the chamber with 0.7 bar of high purity Argon atmosphere by 0.7 bar of Argon + 3% of H 2 during the master alloy preparation and casting. Ingots with a targeted composition of Ti 40 Cu 36 Zr 10 Pd 14 (at.%) were prepared by arc melting from previously carefully cleaned pure elements. Ti 40 Cu 36 Zr 10 Pd 14 master alloy was prepared using an arc melter (AM 200, Edmund Bühler GmbH, Bodelshausen, Germany), with a primary vacuum below 5x10 -2 mbar and a secondary vacuum below 5x10 -5 mbar. Before switching on the electric arc, the chamber was filled with 0.7 bar of high purity Argon atmosphere. The current intensity was 200A, raw materials were melted and flipped 4 times for 30 seconds each time to obtain the master alloy. Ingots with three targeted compositions of Ti 65 Cu 21 Zr 4 Pd 10 , Ti 26 Cu 43 Zr 15 Pd 16 (at.%) were prepared by arc melting from previously carefully washed pure elements. Rods were prepared using a suction copper mold-casting, with a primary vacuum below 5x10 -2 mbar and a secondary vacuum below 5x10 -5 mbar. Before switching on the electric arc, the chamber was filled with 0.7 bar of high purity Argon atmosphere. The current intensity was 200A, raw materials were melted and flipped 4 times for 30 seconds each time to obtain the master alloy. The master alloys were melted and flipped again 2 times before suction casting in copper mold with various diameter from 1 to 6mm in diameter (see Figure 4.11 in chapter 4).

Study of the

Elements used and purity

The elements Zirconium and Palladium were purchased from the supplier HMW Hauner. The Zirconium was under granular shape < 3mm and a purity of 99.95%. The Palladium was under granular shape < 3mm and a purity of 99.95%. The copper and Titanium were purchased from Goodfellow. The copper was supplied as small cylinders with a diameter of 5mm and length of 5 mm. The purity of the used copper was 99.995% The Titanium was taken from a bar of 5cm in diameter and cut into slices. The purity of the Titanium was 99.6%.
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Material characterization X-Rays Diffraction (XRD)

After the production of the BMG rods, X-Ray Diffraction (XRD) with a Bruker AXS D8 (Billerica, Massachusetts, USA) device equipped with a copper tube were performed on the samples. The X-Ray tube was set at 4 keV voltage and 4 0mA current with a Cu Kα of 1.54 Å irradiation wavelength. The detector used was a Lynxeye, which was used over a range 2θ from 10 to 90°with an 0.0167°increment, with a slit of 0.4 mm and a scan speed of 1s/step during spinning at 20 rpm. The post-acquisition processing of the diffractograms was conducted on the Eva software (Bruker). The Rietveld method was performed on Topas software (Bruker).

Thermal stability

Differential Scanning Calorimetry (DSC)

A commercial device Setaram Labsys EVO, under argon atmosphere (flow rate of 20 mL/min) has been used for the isothermal measurement of the Ti 40 Cu 36 Zr 10 Pd 14 BMG systems. The two following cycles from with a first heating step from 40 to 1000°C with heating rates set to 10°C/min to prevent an eventual overshoot from occurring. Then temperature has been maintained during 10 minutes à 1000°C . And finally, the last cooling step from 1000°C to 40°C at 10°C/min. The weighed mass of the unique sample tested was 653 mg. Before measuring with a BMG sample, a vacuum cycle was systematically performed to establish the baseline which was directly subtracted from the raw curves obtained. T g , T x and T l were determined on the obtained curves as represented in Fig. 31. For the measurement made on the basic composition, presented in Figure 3.11 in chapter 3. The sample was placed in a Alumina crucible(AlO 2 ) itself placed in another crucible 52 2022 -Laurabelle Gautier -MATEIS laboratory Materials and Methods made of Platinum as recommended by Setaram. Unfortunately, an interaction occurred between the alumina crucible and the metal in the liquid state, making impossible to remove the sample out of the crucibles after the measurement(see Fig. 32A). This did not allow the crucibles to be reused. Ti and Zr rich metals have a very strong affinity with the oxygen in general and there is some oxygen contained in alumina. We believe that the BMG has interacted with the oxygen from the alumina crucible causing a covering of the entire interior of the inner crucible and welding the crucibles and their covers (see Fig. 32B). In order to prevent this phenomenon from occurring again, which can induce artifacts on the curves obtained, it seemed preferable to use the method suggested by Dr.Benedikt Bochtler in his manuscript [BOC 19], i.e. graphite crucibles coated with Yttrium and heat-treated in a vacuum at 1200°C for 1 hour before use. This method should be tested in the future. Albeit the interaction between the sample and the crucibles, the data obtained are thought to give correct values of the key temperature (see results in Chapter 3). 

Salt bath heat treatments

The heat treatments were all carried out on pieces of 3mm diameter as cast rods of the Ti 40 Cu 36 Zr 10 Pd 14 grade (manufactured in standard condition). The pieces were immersed in a salt bath previously set at the chosen temperature: 450°C, 500°C, 550°C and 600°C for 1 hour. 

Microscopy Optical Microscopy (OM)

Optical microscopy observations were conducted after different polishing steps on a Buehler semi-automatic polishing machine Ecomet 250 (Esslingen, Germany), first with SiC papers successively with grains of # 600, # 800, # 1200 and # 2500. The final mechano-chemical polishing step was performed on a Buehler ChemoMet synthetic polishing pad with a solution made of 75% of colloidal silica suspension (OP-S,Struers) and 25% H 2 O 2 (ChimiePlus). Observations were realized using an Hirox RH-2000 digital microscope (River Edge, NJ, USA).

Scanning Electron Microscopy (SEM)

The observations of polished surfaces were carried out by Scanning Electron Microscopy (Zeiss Supra 55, Oberkochen, Germany), in backscattered electron imaging (BSE) using an acceleration voltage ranging from 10 to 30 keV, after polishing using silica suspension and 25% H 2 O 2 (as described before in OM).

Energy-Dispersive X-ray Spectroscopy (EDXS)

To ensure that the composition of each sample was consistent with the desired one and that no vaporization of elements had occurred during the master alloy's processing, the composition of all the cast rods were controlled by Energy Dispersive X-Ray Spectrometry (EDXS) using a 50mm 2 Silicon Drift Detector (Oxford Instruments, High Wycombe, UK) in the SEM at an acceleration voltage of 20 keV. Moreover, EDXS was used to quantify the chemical composition of the different phases that were present.

Electron Back Scattered Diffraction (EBSD)

EBSD analyses were made with an Oxford Instruments EBSD Symmetry camera (Abingdon-on-Thames, UK) with an accelerating voltage of 10 or 20 keV, depending on the step size required. The EBSD data were post-processed using ATEX [BEA 17]. Phase identification in the case of a non-equilibrium state with four different components is a difficult task. This study was focused on a detailed description of the microstructure of the spherulites in order to better understand their nucleation and growth mechanism, using usual electron microscopy observations techniques. In order to determine non-referenced phases, dedicated methodology and instrument are required, which were not available in the case of those observations. Therefore, in order to find possible candidates for the different phases that were observed, as in [YAN 11] the strong hypothesis was made, which is that the minor elements (Zr and Pd) would be in substitution for the major elements (Cu and Ti). This rather strong assumption was necessary to identify possible candidates, from the Cu-Ti system, among all possible structures from the literature. It is worth 

ASTAR

At the TEM scale, orientation maps were acquired with the ASTAR system from NanoMEGAS SPRL (Brussels). With this TEM attachment, the electron beam is scanned over the area of interest and the successive diffraction patterns are recorded with an optical camera and memorized. Phase and/or orientation maps are reconstructed by indexing the patterns with a dedicated template matching algorithm [ RAU 14]. ASTAR acquisitions were performed on a field-emission transmission electron microscope at 200 kV at SIMAP Lab(JEOL 2100F). The results are presented in chapter 2

Chemical Analysis: Time of Flight -Secondary Ion Mass Spectrometry (Tof-SIMS)

The Tof-SIMS experiments were done by SCIENCE ET SURFACE company (www.scienceet-surface.fr). A piece of polished Ti 40 Cu 36 Zr 10 Pd 14 BMG with spherulites on the surface was provided to the company. Tof-SIMS is a technique in which an ion beam (primary ion) is irradiated on a solid sample and mass separation of the ions emitted from the surface (secondary ions) is performed using the difference in time-of-flight treated by mass spectroscopy. Prior the analysis, an in-situ ionic cleaning was carried out to remove organic contamination from the surface. The determination of the nature of the chemical compounds present on the surface of the samples of a whole spherulite in positive and negative polarity were done. The results are presented in chapter 3.
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Hydrocarbon, oxidized species, nitrogen, phosphorus, sulphurs and halogens are preferentially detected in negative polarity, metals and alkalis in positive polarity.

Mechanical properties Vicker's Hardness

The hardness measurements were performed on a Buehler Micromet 5140 machine (Esslingen, Germany). The samples were first mirror polished and the measurements were conducted with a load of 0.5kgF for chapter 1 and 3. They were repeated fifteen times on the spherulites and on the amorphous matrix. For the chapter 4, loads of 0,3kgF and 1kgF were used and 10 measurements per condition were done.

Compressive tests

The compression tests were conducted on 6 cylindrical samples of 3mm diameter and 5mm height for chapter 1 and 3. The tests were performed on an INSTRON 5967 machine (Nordwood, USA) with an optical extensometer and a 30kN load cell. The displacement rate was fixed at 0.5mm/min.

Tensile tests

Tensile tests were performed on the same machine used for the compressive tests (IN-STRON 5967). To avoid premature specimen's failure in conventional jaws, a self-aligning fixture (with an additional degrees of freedom) was used and the edges of the specimens were threaded for this test (see Fig. 33). The test specimens were machined in a dog-bone shape, with a working part of 5mm long (for a total length of 20 mm) and a diameter of 2.46 mm. The test speed was set to 0.058 mm/s. 56 
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ISO 14801: Load to failure and fatigue tests on dental implant representative sample

Mechanical characterization and evaluation of the load to failure of reference implant representative samples (call hereafter REPSAMPLES) were evaluated on a BOSE ELF3300 testing machine (New Castle, PA, USA) following the geometrical specifications of ISO 14801 (displacement rate of 5 mm/min)[DAM 96]. The geometry of the samples consisted in an outer diameter: ⊘2.8 mm and ⊘2.3 mm in the deeper thread. They were embedded in a resin having a Young's modulus of 7 GPa after polymerization (Rencast© Resin, HUNTSMAN) and with 3 mm of non-impregnated threads simulating bone resorption. Hemispherical caps were sealed onto the top of the sample in order to ensure a constant lever arm of 11 mm on each assembly for mechanical testing. Which is achieved through a force applied at 30°to the longitudinal axis of the implant (picture of the assembly visible in Figure 1.10 in chapter 1). Fatigue tests were performed using the same machine and geometry described in the previous paragraph. REPSAMPLES were tested in air at room temperature with a frequency 2022 -Laurabelle Gautier -MATEIS laboratory 57 Materials and Methods of 15 Hz. A sinusoidal load between 0.1 and 1 times the maximum applied load was used. The fatigue limit was set to 5x10 6 cycles in this case, if no failure occurred at 5x10 6 cycles, then the maximum load was increased by 10 N. The test was following the IACS UR M53 Appendix IV standard. The fatigue fracture surfaces were observed by SEM in order to identify the fracture initiation and behavior.

Toughness evaluation: Single Edge V Notched Bending (SENVB)

To determine the toughness of the material, a method known and considered to be accurate and reliable for materials with brittle behavior was used, namely the Single-Edge V-Notched in Bending (SEVNB) method [DAM 96]. For this purpose, 3 samples with a rectangular cross-section were notched with a femtosecond laser to a known depth with 16 passes of 50 µJ infrared ultra-short laser pulse. The use of the laser leads to much finer and sharper notches than can be obtained with a more traditional method such as razor notching [Tur 14]. The dimensions of the specimens were as follows: length 25 mm, width 2 mm and thickness 4mm. The notch length was comprised between 210 and 250 µm with a very sharp notch tip radius (around 5 µm). The specimens were tested at 0.5 mm/min on a four-points bending test until failure. From the load to failure values, it is possible to calculate the critical stress intensity factor K IC by knowing the notch length:

K IC = 3 • F • (L -l) 2 • b • W 2 • Y • a (1)
Where L and l are the outer and inner spans (21 and 10mm, respectively), b is the thickness of the samples (4mm), W is the width (2mm). F is the load to failure in N and a is the notch length in mm (measured precisely for each sample). Y is a constant defined by the following formula:

Y = ( 1.1215 √ π β 3 2 ) • [ 5 8 - 5 12 α + 1 8 α 2 β 6 + 3 8 e -6.1342 α β ] With α = a W and β = 1 -α

Four-point bending tests (4PB)

Four-point bending tests were performed on machine (INSTRON 8562). The test specimens were machined (3mm as cast rods) to 2,8mm in diameter (for a total length of 35 mm). The test speed was set to 0.5 mm/s. The spacing between the lower rollers of the assembly was 21mm and 10mm between the upper rollers. The following Fig. 34 is Where d and d 1 are respectively the diameter of the samples (2.8mm) and the difference of spacing between the upper and lower rollers (5.5mm). F m is the load to failure in N. The calculation of the stress for four-point bending test(σ 4P B , MPa) is given by the following relation (ISO 3327):

σ 4P B = 16F m d 1 πd 3 (2) 

X-rays tomography

Prior to mechanical four-point bending test to avoid premature failure due to large porosities or heterogeneities in the specimens, the casted rods were characterized by Xrays Tomography. Fast acquisitions, were done using a VtomeX (GE Phoenix-Xray GmbH, Boston, MA, USA) with a voxel resolution of 3µm 3 . The specimens were cut in defect-free areas after observations. The relevance of X-ray tomography for studying metallic glasses is presented and further discussed in Appendix A. 

Electrochemical characterizations

Macroscopic corrosion behavior (polarization curves)

The assembly of the classic a three electrodes electrochemical assembly for voltammetric analysis, using a Gamry instrument 600+ potentiostat (Philadelphia, Pennsylvania, USA) with graphite rod as counter electrode and an Ag/AgCl (E Ag/AgCl = 224 mV vs Standard Hydrogen Electrode at 25°C) as reference electrode (as illustrated in Fig. 35(a)). Prior to electrochemical measurements, both BMG and reference samples (TA6V) rods of 5mm in diameter were polished using abrasive papers down to #2500 in order to obtain a smooth surface before the test. In order to expose only a known surface of the rod (rod 's section around 19.63mm 2 ), the rod is embedded in a non conductive transparent resin (ClaroCit, Struers) and linked to the installation by a copper wire (see Fig. 35(b)). An aerated and neutral saline solution composed by 0.9% of NaCl (pH= 7.4) at 37°C was used as the electrolyte. This solution was chosen as it is recommended in the ISO 10271 standard, dedicated to the corrosion test methods for metallic materials used in dentistry. As the susceptibility of passive material to localized corrosion is directly affected by the presence of chloride ions, saline solution is an adequate electrolyte to measure such a property. Before starting the test, the sample edges were covered with varnish to prevent electrolyte from leaking between the resin and the edge of the sample. and taken in picture in optical microscopy to determine precisely the sample's surface. Before plotting the polarization curves, open circuit potential (OCP) measurements were performed during 6 hours to achieve the steady-state in the NaCl solution. Then, a linear polarization with a scan rate of 0.17 mV/s, from -0.5 V vs Ag/AgCl to +1 V vs Ag/AgCl. The corrosion potential (E corr ), the pitting potential (E pit )and the passive current density were estimated from the polarization curves. After the tests, the surfaces were observed with SEM, to characterized the corroded surface morphology. The curves corresponding to this test are already published in [ LIE 18]. The results are presented in chapter 1 and 4. 

Local electrochemical behavior (Microcell)

The local measurements are based on the same principle as described in the previous paragraph (Macroscopic corrosion behavior), the main difference is the reduction in size of the measuring area (working electrode). This technique makes possible the electrochemical analysis of selected small areas (about 50 µm in diameter maximum) such as a single heterogeneity size. It is possible to study these very small areas via the preparation of tight stretched glass capillaries (with silicone gasket at the end of the capillary in this study). To do so, capillaries of 1mm diameter in borosilicate were hot stretched with a capillary stretching machine [AND 16]. Then, the ends of the capillaries were hand-polished (with a sheet of wet SiC #1000 to have a surface at 90°to the long axis of the capillary) to have a disc shape for the opening of the capillary. The diameter of the capillary opening corresponds to the metallic glass area exposed to the electrolyte which can have a diameter from 20 to 50µm (controlled by optical microscopy). To ensure a good contact between the sample and the capillary and ensure the water tightness, silicone gasket is obtained by repeating back and forth with the end of the capillary at 90°of a silicone layers, between each back and forth, ethanol and water are injected successively with a syringe into the capillary to ensure its opening. The capillary is considered ready for measurement when the silicone seal is about 30µm on each side of the capillary. Then, the capillary is put in place and filled by the electrolyte, as well as the electrochemical cell containing the working electrode and the counter-electrode (here Platinum). The reference electrode (Ag/AgCl) is outside the cell, but connected to the assembly by a pipe filled with electrolyte opening into the cell. The experiment assembly is presented in Fig. 36. The local electrochemical equipment was connected to a Gamry Instrument Reference 600+ potentiostat (Philadelphia, Pennsylvania, USA). Prior to electrochemical measurements, BMG samples were ground using abrasive papers, followed by colloidal silica suspension as previously described in order to see clearly the spherulites on the 5 mm in diameters BMG rods. The NaCl 0,9% solution was also used for this test. Before potentiodynamic polarization measurements, OCP measurements were performed during 30 min to stabilize the samples in the saline solution. Finally, linear polarization was performed, with a scan rate of 0.17 mV/s from anodic -0,4 V vs Ag/AgCl to 0,8 V vs Ag/AgCl. The corrosion potential (E corr ), the pitting potential (E pit ) and the passive current density were estimated from anodic polarization curves. After the tests, the surfaces were observed with optical microscopy to check the change of the surface state. Six measurements on the amorphous matrix and 6 measurements on the spherulites (measurement considered in relation to the OCP values were realized). The results are presented in chapter 1.
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Interrupted tests (cyclic polarization)

Complementary tests was performed on a sample with another surface preparation to highlight the nucleation of the pitting phenomena. The samples were polished using abrasive papers down to #2500 and by a final step with OP-S 75% and H 2 O 2 as in Microscopy section above in this chapter. Then, the corrosion potential was measured during 30 min to stabilize the sample's potential in the saline solution. Finally, cyclic 62 2022 -Laurabelle Gautier -MATEIS laboratory Materials and Methods polarization was performed, with a scan rate of 0.17 mV/s from anodic -0,2 V vs Ag/AgCl to 0,5 V vs Ag/AgCl with a maximum of current density (threshold value) set to 0.5A/cm 2 in chapter 1 and to 1mA/cm 2 in chapter 4: just start the pitting phenomenon and then the potential was reversed with the decrease of the current density. This method was used for chapter 1 and 4. .

Statistical methods

Saltykov's method

In this study, the mean diameter of the spherulites could not be defined through 3D measurements and only 2D images of the samples were available. X-Ray Tomography was indeed tested, but there was no density contrast between the spherulites and the amorphous phase. Saltykov's method [SAL 58] was performed on these 2D observations, with statistical coefficients to correct the measurement's bias and obtain an average diameter closer to reality. The results are presented in chapter 1.

F-Test to Compare Two Population Variances

An F-test (Snedecor and Cochran, 1989 [SNE 89]) is used to test if the variances of two populations are statistically equal or different. The two-tailed version tests against the alternative that the variances are not equal. Below are described the formulas used to calculate the mean and the variance on the observations made in chapter 3. The assumption of the normal distribution of the variables was made. The tested hypothesis are:

H 0 : V x = V y H 1 : V x ̸ = V y V x
and V y are the variances of the population X and Y. First step to make an Equality of Two Variances test is to calculate the mean (x) of the variable studied by following the next formula:

x = 1 n n i=1 x i
Then, the Variance formula is as follow:

V x = 1 n n i=1 (x i -x) 2 (3)
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V x is the sample variance of population X . Then the test statistic corresponds to:

F obs = V x V y
X and Y populations have F -distributions with n x -1 (population X) and n y -1 (population Y) degrees of freedom if the null hypothesis of equality of variances is true. Otherwise it follows an F -distribution scaled by the ratio of true variances. The null hypothesis is rejected if F is either too large or too small based on the desired α level (i.e., statistical significance) so:

If F obs / ∈ f α 2 (n x -1; n y -1); f 1-α 2 (n x -1; n y -1) (4) 
We reject H 0 at the risk threshold α, otherwise we are not in a position to reject H 0 so the variances are not considered to be different. For all the tests in chapter 3, the risk threshold α = 0.05.

The following table contains the upper critical values of the F distribution. This table is used for one-sided F tests at the α = 0.05 level. One of the limitations to the use of certain bulk metallic glasses is related to the formation of crystalline zones or defects, often called "spherulites ", during the casting process. In the case of Ti 40 Cu 36 Zr 10 Pd 14 (at.%) metallic glass, which is a candidate for biomedical applications, spherulites of diameter up to few hundreds of microns were previously reported, but their crystallographic features and their role in the mechanical behavior and the corrosion resistance remains to be determined. In this work, a detailed description of the microstructure of spherulites is provided. Tensile, compression and fatigue tests were carried out. In addition, corrosion behavior was studied by global and local electrochemical measurements. The spherulites have a deleterious effect on the tensile and fatigue strength of the alloy, even if it still retains strength properties that are far superior to conventional crystalline materials. The electrochemical studies do not show any difference in potential between the spherulite and the amorphous matrix, which indicates that the presence of spherulites is probably not the direct cause of the pitting phenomenon observed, which is unfortunately a clear drawback of this alloy when considering biomedical implants. 

Introduction

There are only few articles in the literature dealing with spherulite crystalline defects in amorphous metals. This might be in part due to the use of X-Ray Diffraction, generally used to check if cast rods are amorphous or crystalline. In most cases, samples having diffractograms that show broad halo without any distinct peaks originating from the crystalline phase are considered as 'amorphous' [YAM 14] [ LIE 18]. This macroscopic characterization may not be precise enough to assess the presence of spherulites in small overall content. Another possible origin to the low number of publications concerning spherulites is the difficulty of observing them before and after mechanical testing. In most studies on Bulk Metallic Glasses (BMG), the authors focus on compression tests. However, it was shown in [LIE 18] that casting defects in the Ti 40 Cu 36 Zr 10 Pd 14 grade were not visible on the fracture surface of parts tested in compression, whereas they were clearly visible on samples tested in tension 

Microstructural observations

Optical microscopy

With the polishing protocol set up for this study, the 'spherulites' are easily visible under light microscopy as shown in Fig. 1.1. Most of them exhibit a spherical shape, with a clear interface with the amorphous matrix. Their diameter is relatively large, reaching several hundreds of µms. At high magnification, some details of the microstructure can be seen: in the center of the spherulites, very fine needles can be seen, looking like dendrite or martensitic phases. This could be due to a preferential growth direction of theses structures from the core to the periphery of the spherulites. Closer to the interface with the matrix, the microstructure of the spherulite becomes less clear. These observations show that the spherulites are likely crystalized. Moreover, two different gray levels in the spherulite on the right picture can be distinguished, which could correspond to different crystalline phases or crystallographic orientations contrasts. 

Statistical analysis of mean spherulite diameter

In this study, the mean diameter of the spherulites could not be defined through 3D measurements and only 2D images of the samples were available. X-Ray Tomography was indeed tested, but there was no density contrast between the spherulites and the amorphous phase. Saltykov's method [SAL 58] was performed on these 2D observations, with statistical coefficients to correct the measurement's bias and obtain an average diameter closer to reality. The results shown in Fig. 1.2 suggest a mean diameter around 150 µm, 68 2022 -Laurabelle Gautier -MATEIS laboratory Results some spherulites being of several hundreds of microns in size. Moreover, the observations did not show any preferential location of the spherulites in the sample (no difference between the core and the periphery of the rods). 

XRD analysis

In most studies involving metallic glass [CAL 03][ZHU 12][HUA 20], XRD is used as a mean to check the amorphous state of the parts before conducting further experiments. This conventional method was used on a rod of the TiCuZrPd grade, which after polishing exhibited a lot of spherulites in optical microscopy (around 40 spherulites on a surface of around 19.6 mm 2 , which is around 2 spherulites by mm 2 , see Fig. 1.1). The diffractogram shown in Fig. 1.3 presents only broad halos with the absence of well-defined peaks. Thus, it could be considered as characteristic of an amorphous metal alloy, even though the presence of numerous spherical defects was noticed on the sample's surface. The surface percentage occupied by spherulites on this sample has been calculated and it is equal to 1.2%, which represents a low fraction of global surface thus too small to be detected by XRD. This sheds a light on the limit of standard XRD to detect spherulites in such BMG systems. 1. Well delimited needles/slats that go in all directions of the space, which were already observed by optical microscopy (Fig. 1.1), the three gray contrasts being either due to differences of composition or to different orientations ('channelling' of the electrons);
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Scanning electronic microscopy (SEM)

2. Then the microstructure refines as a transition phase with very small grains then large and elongated grains with different gray contrasts (different orientations or compositions);

3. Finally, the presence of a thin shell with an average thickness of 3.7 µm ( ± 1.2 µm). consisting of columnar nano-grains.

Electron backscatter diffraction (EBSD)

Due to the complex composition of the alloy and of the out-of-equilibrium processing method, the exact phase(s) present are not known. However, it was possible to index the major portion of the spherulite grains by declaring a simple cubic crystalline phase with parameters corresponding to a B2 CuPd phase, with a Face-Centered Cubic (FCC) lattice type and a space group Fm-3m (225). The dimensions of the lattice are a = b = c = 3.766 Å, α = β = γ = 90°and the unit cell volume is 53.41 Å 3 . EBSD is not a phase identification tool and here it is only possible to conclude that de main crystalline phase of the spherulite is probably FCC with a lattice parameter close to 3.766 Å. The map shown in Fig. 1.5, positioned on a spherulite's quarter, indicates that the grains are well indexed and mostly oriented towards the [0 0 1] planes. The map of local disorientation indicates values between 0.5 and 2°of disorientation (with a maximum occurrence at 0.6°). Moreover, it can be seen that the shell has not been indexed either probably because the size of the crystals is too small or it is constituted by another crystalline phase. 
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Energy dispersive X-ray spectroscopy (EDXS)

Fig. 1.6 shows the atomic surface distributions superimposed with SEM images of the microstructure of the spherulites. A spatial atomic segregation of the constituent elements of the alloy can be seen on the "needle "part at the center of the spherulite. Three phases may be distinguished from this map (top left): Palladium rich lamellae, an intermetallic (interdendritic) Zirconium rich phase (light gray) and finally another intermetallic CuTi rich phase (dark gray). On the other maps, this segregation is only slightly or not visible at all. It leads to the conclusion that segregation is occurring mainly at the center of the spherulite whereas the outer part is more homogeneous in chemical composition. At the interface with the amorphous part, no segregation can be seen. 

Mechanical characterization

Hardness Vickers measurements

Tab. 1.1 shows average values of hardness in the spherulites and in the amorphous matrix. The amorphous matrix has a much higher average hardness (556 HV) than the spherulites (307 HV). Fig. 1.7 illustrates the difference in indent size between amorphous matrix and spherulites, which is in line with the values measured. Moreover, in some cases in the spherulites, some lines can be seen that look like crystalline-plasticity slip bands, which can be found in common crystalline metallic materials. These features are not noticed in the amorphous matrix. Hardness (HV) Spherulites 307 (± 3,5 HV) Amorphous matrix 556 (± 4,5 HV)

Compression and tensile tests

Mechanical properties (Young's modulus, compressive strength, elastic and plastic strains, load to failure and fatigue limit) obtained from the overall set of mechanical tests are summarized in Tab. 1.2. Several compression stress-strain curves can be seen in Fig. 1.8 . The curves are superimposed on the elastic part (with an elastic deformation of about 2%), with a small dispersion on strength but with variations in plastic strains at failure from one specimen to another (between 0.2 and 0.7%). The compressive strength value calculated from these curves is on average equal to 2 GPa and Young's modulus is about 105 GPa. The picture of the compression fracture surface in Fig. 1.8B has a very matte appearance which corresponds to a propagation of the crack in mode II, in line with a surface fracture angle of around 45°observed here for every sample. The origin of the fracture is not apparent and no spherulite is visible. Tensile stress-strain curves of the BMG for four specimens are also given in Fig. 1.8C. The first conclusion to be extracted from these curves is that all specimens except one show brittle fracture before plasticity. The mechanical strength is ranging between 1075 and 1820 MPa, a very large dispersion. It is interesting at this point, to see that the sample 4 revealing a very short plateau, thus likely (limited) plasticity, broke at the highest stress (1820 MPa), which is not far from the compressive yield strength. Fracture surfaces of all the tensile specimens exhibit spherulites. The picture of the tensile fracture surface is very different from the compressive fracture surface. The starting point of the crack appears to be two large, adjacent spherulites. The crack then propagated in mode I in the rest of the specimen.
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Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses Table 1.2 -Young's modulus (E), compressive strength (sigmamax ), elastic strain (εe), plastic strain (εp), load to failure and fatigue limit for TiCuZrPd estimated from the compressive, tensile, load to failure and fatigue curves. 

Results

has deformed plastically under the compressive stress through crystalline-plasticity slip bands (white arrows). Shear bands (red arrows) can be seen around the spherulite in the amorphous matrix, oriented perpendicular to the compression axis. On the high magnification picture, these multiple small shear bands tend to gather into a single shear band when moving away from the spherulite. These observations lead us to believe that the spherulites deformed first, which led to the premature formation of shear bands in the amorphous matrix around them. These observations will be addressed again in the discussion of the article. 

Load to failure: standard ISO14801

Fig. 1.10 shows the stress-strain-displacement curves up to rupture of 6 REPSAMPLES, tested according to ISO 14801. The loading configuration of the ISO 14801 leads to a
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Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses bending mode of the implants (the tensile and compressive side of the specimen is given on the fracture surface shown in Fig. 1.10. It can be seen that there is a high variability of maximal load to failure between all these specimens, ranging from 366 to 744 N. However, all of them except one broke in the elastic range and therefore did not show any plasticity (the curvature in the load-displacement being related to the deformation of the acrylate resin). On the fracture surface shown in Fig. 1.10 , the starting point of the crack is clearly visible as a large spherulite on the tensile surface of the specimen. This is probably one of the worst situations that can be encountered in this test (a large spherulite on the tensile side). The rest of the surface of the specimen has a very matt appearance which corresponds to a fast fracture zone (stage II on the picture) with a last fracture of the compressive ligament (denoted III). The crack does not pass through the spherulites but around them, which shows a decohesion between the matrix and the spherulites at the interface. Overall, fracture occurs in mode I, i.e. with a crack propagation perpendicular to the maximal tensile stress. 

Fatigue test: standard ISO14801

Fig. 1.11 shows the S-N curve for the REPSAMPLES. The fatigue limit of this BMG is estimated to be 300 N, which is high for a biomedical metal alloy considering the small dimension of the samples tested here [MAR 14] [MAR 16] . There is some dispersion in the results, again related to the presence of the spherulites inside the pieces. Fig. 1.11B shows a typical fracture surface: the starting point of the crack propagation on the tensile side is associated to a spherulite of around 500µm in diameter near the surface. The crack propagated in fatigue mode I (stage I in the picture) for some time and then a fast fracture mode appears (stage II) with a surface feature similar to the one observed during the load to failure tests. As for the static tests, a decohesion between matrix and spherulites can be seen. From this overall set of experiments, it is clear that spherulites can act as critical defects in tension and as nucleation sites in fatigue. 

Four-point bending test-SEVNB

The results of the four-point bending test on notched samples are summarized in Fig. 1.3 . With the data obtained thanks to Eq. ( 1) (Materials and Methods), we were able to calculate a K IC ranging between 32 and 42 MPa √ m. 

Corrosion resistance characterization

Macroscopic corrosion behavior

The polarization curve of the BMG from -0.5 to 1 V vs Ag/AgCl in a 0.9% NaCl solution obtained after 6 h of immersion is available in [LIE 20] where the BMG is compared to a TA6V benchmark. The cathodic branch exhibits the same shape for the two materials and it is linked with the oxygen reduction occurring on both surfaces. Nevertheless, the TA6V has a lower current density on the cathodic part. The value of the corrosion potential E corr of TA6V is lower than that of TiCuZrPd suggesting a difference in reactivity between both materials. In the anodic branch, the current density then increases with the potential for both alloys to achieve a passivation plateau. Both materials behave as a passive material and the 6 h of immersion seems sufficient to grow a stable passive film. Conversely to TA6V, the polarization curve of the TiCuZrPd BMG exhibits an abrupt increase in current density at a potential of around 360 mV vs Ag/AgCl which corresponds to pitting potential (E pit ). Fig. 1.12A and B shows SEM pictures of the surface of the samples tested in electrochemistry. The entire surface of the TiCuZrPd sample is damaged by the test and covered with corrosion products. Numerous pits and crevices are observed on the overall tested surface. However, it seems that the pitting corrosion sites are not totally random and a specific pattern may be observed suggesting that there are preferential nucleation sites. These nucleation sites might correspond quite well to the position, size and morphology of the spherulites. To demonstrate this finding, a less severe test was performed. 

Local electrochemical measurements

Fig. 1.13B shows the OCP curves of the entire sample (blue curve), and some corresponding to local measurements on spherulites (red curves) and matrix (black curves). 78
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Results

The first information is that all the curves reach a stable potential value between 0 V and 0.2 V vs Ag/AgCl of potential after immersion of 30 min. Independently of the location of the measurement, the value of OCP after 30 min is almost the same for all the measurements. For the potentiodynamic curves (Fig. 1.13A), only three curves have been shown (for ease of reading) but many measurements have been made on the amorphous matrix and on the spherulites. The cathodic parts of the curves are close from one measurement to another regardless of the targeted area. The values of E corr for the global TiCuZrPd is around 0 V vs Ag/AgCl and those corresponding to local spherulites measurements are in average close to 0 V vs Ag/AgCl or slightly lower. For the matrix's ones, there is a little more dispersion, but the average value is also around 0 V vs Ag/AgCl. Then the anodic branches are increasing following a passivation plateau shape more or less long before a sudden increase, corresponding to pitting phenomenon. Interestingly, the electrochemical behavior is similar whatever the location of the measurement. Two examples of optical microscopy observation after the local measurements on spherulite and amorphous matrix are displayed in Fig. 1.14. There are in accordance with the previous curves. Indeed, on both pictures, a dark ring around the capillary position consisting of corrosion products deposition is observed. The appearance of the sample's surface reaction after measurements seems to be identical on both areas. Fig. 1.15 shows two SEM pictures of the sample surface after a cyclic polarization test with a low threshold (low enough to identify the starting point of the pitting). Spherulites are not preferential starting points for pitting. It seems rather that the starting point is on areas that appear random from the amorphous and spread. Furthermore, the spherulite shell seems also to preferentially dissolve, creating a void around the spherulite, which can lead to a release of the spherulite into the saline solution. 
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Discussion

Bulk metallic glasses are metallic materials with unique properties that are particularly interesting for the biomedical field. In this context, it has already been shown in the literature that the TiCuZrPd grade is very promising for dental implants manufacturing [ZHU 07a][HUA 20]. However, casting defects such as spherulites were not studied in detail so far, while they could alter its properties, particularly mechanical and electrochemical, and therefore may limit its industrialization. This study gives new insights on the characterization of these spherulites and their influence on the properties of use for dental application. 

Spherulite: a complex microstructure

Microstructural observations of spherulites have revealed that they have a fine microstructural core, with lamellae oriented in all directions, which suggests that spherulite growth starts from the center to the periphery, this hypothesis is shared with a previous article [SUN 13] . However,the clear interfaces between the spherulite, the surrounding shell and the amorphous matrix are the result of crystallization mechanisms. There is a difference in microstructure between the center of the spherulite and its periphery, the grains are increasingly larger which could be the result of solidification of the same phase with a temperature gradient. Even if the mechanisms of appearance of these spherulites are not clearly elucidated in this article, their observations have allowed us to describe a very particular microstructure which has many points in common with the B2 phase in ZrCu alloys [ KIM 18] [ESC 19]. Another scientific team has already observed the same type of defects in a Zr base BMG [SUN 13] but with a laser deposition process. According to their work, the thermal treatment kinetics are involved in the spherulite apparition in the laser heat-affected zone. In many studies on BMGs, the reference technique to check the amorphous state is X-ray diffraction. Indeed, in most papers, diffractograms show broad halos characteristic of amorphous materials. It is demonstrated here that this technique is ineffective to affirm that a piece is really fully amorphous. A sample with a large number of crystalline spherulites on its surface presented a 'typically amorphous' diffractogram even with a very long acquisition time. This result can be explained by the fact that the surface percentage occupied by the spherulites is too small to obtain a signal, even if they are numerous and large. This result therefore challenges the use of DRX as a method to verify amorphous state and suggests a more in-depth study of the casted samples to assess the absence of crystalline defects whose presence may play a role on many properties of the material. Spherulites have a hardness 45% less important than the amorphous matrix, in line with literature [SYP 14] . Moreover, their distribution appears clearly random. Concerning the hardness difference between spherulites and matrix, it can be easily explained by the fact that the amorphous phase has no crystalline lattice planes on which dislocations can slide and no grain boundaries. Plastic deformation in the amorphous phase results in the formation of very small shear bands (the phenomenon is more visible with higher loadings) [XIE 08] . In spherulites, there are defects related to the crystalline organization, including grain boundaries and dislocations (not studied here), which result in easier local plastic formation than in amorphous matrix. This leads to a higher hardness of the amorphous matrix than the crystalline spherulites, as shown in previous article [WU 10]. In addition, EDXS allowed us to illustrate atomic segregation on the central dendritic part of the spherulites. Spherulites consist mainly of a FCC phase (Fig. 1.5), which seems to have lattice parameters close to B2 CuPd phase. On the other side, other phases are present and would deserve further exploration. Some TEM observations were performed on the spherulites and the amorphous matrix. They are not presented here because it would have led to a very long paper and they will be the scope of
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Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses a specific future publication. The results confirm the above-mentioned results, the amorphous matrix presenting no atom arrangement and corresponding diffraction FFT was diffuse, which indicates that it is amorphous at the atomic scale. On the spherulite we gathered several FFT patterns showing several crystalline phases. A robust identification of these phases could improve our understanding of their presence and maybe even help to identify the critical parameters responsible for the presence of these defects and thus to avoid their formation. It is important to notice that there is really small variation in the atomic composition of the alloy between the amorphous matrix and the spherulites during our EDXS measurements, which is coherent with the results found by Sun and Flores [SUN 13] and thus hinders somehow their detection. For example, X-Ray tomography in contrast mode was not successful. Spherulites having a large size, a lower hardness and a crystalline nature different from the amorphous matrix, they inevitably have an impact on the mechanical properties of the alloy by inducing a mismatch of their elastic limit.

TiCuZrPd BMG's mechanical properties

The mechanical characterization of BMG TiCuZrPd rods enabled us to determine the main mechanical properties of the material. As already mentioned in previous literature, this BMG does not present a high Young's modulus but a very high mechanical strength [GON 16] . A modest value of Young's modulus for a metal might be interesting for implant applications, since it may limit stress-shielding phenomena [ KAN 20] . Although showing a certain ductility in compression, this BMG exhibits a brittle fracture behavior in tension as already mentioned by Liens et al.[ LIE 18]. In a large number of papers on BMGs, the compression test is chosen because of its simplicity and the potential of making experiments with a low amount of material on small samples. On the other hand, the fracture surfaces observed for compression lead us to believe that this test is not completely suitable for evaluating the mechanical properties of a metallic glass, especially if they are to be used with other loading configurations in practice (as it is the case for dental implants for example). The presence of spherulites cannot be observed on the fracture surface of samples tested in compression, while they are clearly visible in tension. It is thought that the visibility of spherulites on the surface of the tensile specimens can be explained by the different modes of failure between compression and tension. In tension, mode I is predominant and this will enhance the influence of the defects on the properties by favoring the nucleation of cracks at the interface by stress concentrations at the spherulite/amorphous phase interface [HIN 19]. The larger a spherulite and the closer it is from the sample surface, the more premature the rupture (see surface fracture of Fig. 1.8 ). On the other hand, in compression, mode II will be promoted and it is less sensitive to presence of defects. In tensile samples, the spherulites come visible at the fracture surface since cracks can initiate from the spherulites and propagate at the interface with the amorphous region. In compression, the spherulite first plastically deform and create the premature formation of shear bands (see Fig. 9 ). The spherulites 82 2022 -Laurabelle Gautier -MATEIS laboratory Discussion deformation may be the reason why some plasticity can be seen on the compressive stressstrain curves and why they are not visible on the fracture surface [ BER 20]. In any case, with spherulites of several hundred of micrometers diameter, the spherulites seem to be deleterious for the mechanical properties in both solicitation mode.

Estimation of the critical size defect

Taking the strengths obtained in tension and the size of the largest spherulite present on the fracture surfaces of each tensile specimen can allow estimating the toughness, for the hypothesis is that they are the critical defect at the origin of the failure. Using the standard equation of the K IC calculation for simple configurations considering the stress at failure, σ r , and the defect size a [ASH 93] gives:

K IC = σ r × √ π × a (1.1)
The spherulite's radii measured on the surfaces are between 110 and 255 µm and the stresses at failure are between 1073 and 1820 MPa. Thus, the toughness K I can be estimated with Eq. 1.1 between 30 and 36 MPa √ m , which is in line with the K IC measured by SEVNB (Tab. 1.3). This confirms that the spherulites acts as stress-concentrators and defects and are thus to a certain extent detrimental to the strength. The lack of reproducibility of the fatigue results on REPSAMPLES does not allow us to really conclude on the fatigue limit of this alloy, even if among the curves there is a high load at breakage (more than 600 N) and a fatigue limit around 300 N. These properties are still promising for a biomedical alloy, although their dispersion is a concern. Fracture surfaces showed spherulites close to the surface in tension, which visibly leads to spherulite matrix decohesion and thus probably to a critical and premature crack initiation. There is a wide dispersion in the results which could be related to the size of the spherulite and/or their distance from the surface in tension. The mean value of the toughness measured by the SENVB test was of K IC = 36.2 ( ± 4.2 MPa √ m). As far as we know, the toughness value of this alloy has not yet been published so it is impossible to compare our results with those of the literature but this is in line with what we approximate in tension. From this value(s) of K IC and the yield stress of the material measured in compression, it is possible to evaluate the dimension of the plastic (process) zone, given by Ashby and Cebon [ASH 93] :

d y = K 2 IC πσ 2 e (1.2)
Where d y is the size of the plastic zone in m, K IC the toughness in MPa √ m and the yield stress in compression in MPa. The corresponding plastic zone size before failure should be comprised between 100 and 180 µm. It is accepted that if the critical defect size in a material is larger than the size of the plastic zone, then there is fracture before
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Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses plasticity [ASH 93] . According to Fig. 2 , spherulites with a diameter greater than 200 µm are present in the material, i.e. larger than the plastic zone diameter. These large spherulites may be few in number, but their presence can easily explain the early brittle fractures that have been observed in tension and on the ISO14801 standard assembly. In this case, spherulites have been shown to have a negative influence on the mechanical properties of the alloy [ BER 20] . However, a control of the size of these spherulites and therefore their reduction to below the size of the plastic zone can be a perspective for the optimization of this alloy. For example, by varying the heating temperature, the diameter of the rods during casting and/or the cooling rate, one may control (limit) the size of the spherulites, so that the largest would be below 100 µm, which would certainly insure plasticity before fracture, even in tension and would limit the risk of fatigue crack growth under cyclic loading.

TiCuZrPd BMG: corrosion behavior

Since EDXS has shown that spherulites are of the same average chemical composition or almost the same as the amorphous matrix, it was important to know whether their presence has an influence on the corrosion resistance of the alloy. In the dental domain, the corrosion issues in the oral environment are of prime concern and thus the electrochemical properties of the materials of the future implant must be fully un-derstood. After an overall electrochemical study of TiCuZrPd, it appears that this is a passivable material. This ability to form a protective oxide layer on the surface is requested in the dental environment because it protects the implant from the external environment and thus ensures a certain longevity. However, in the case of TiCuZrPd, pitting corrosion is observed at a relatively low potential [ HUA 20]. The pictures of the sample's surface after the test are in favor of the involvement of spherulites in the pitting mechanism, hence highlighting the interest of carrying out local electrochemical study. Several possibilities exist to explain the role of casting defect on the phenomenon of pitting of TiCuZrPd BMGs. The first one is that the spherulites by their crystallographic organization can modify the spherulite's potential compared to the amorphous matrix. In that case, it is possible that a local galvanic coupling will be created between the matrix and the spherulite, because all the specific conditions will be gathered (immersed in solution, one part nobler than the other and a direct electric transfer between both parts). It is important to note that the curves from local measurements are in fact numerous and sometimes not very reproducible, this measurement technique is difficult to implement and really very sensitive to the slightest change, it is nevertheless possible to draw trends. However, local electrochemical measurements indicate that in the tested saline conditions, the OCP measured after 30 min is similar for amorphous matrix and spherulite. Furthermore, the electrochemical behavior of both lo-cations is also very similar. Consequently, these findings seem to invalidate the galvanic coupling theory. Another hypothesis for the role of the spherulite which was evidenced Fig. 15 . Indeed, the interface area between the amorphous matrix 84 2022 -Laurabelle Gautier -MATEIS laboratory Discussion and the spherulite, (the small shell ob-served by SEM) seems to be more sensitive to dissolution than the matrix and the spherulites themselves. Consequently, as proposed in [LIE 20], the saline solution attacks preferentially the shell structure maybe because of a small difference in chemical composition. The propagation of the corrosion damage may allow the penetration of the chloride ions under the spherulite and then provoke local crevice corrosion. However, it is important to mention that deviation of corrosion behavior was noticed during the local electrochemical test on amorphous matrix and that for short pitting test, corrosion attacks were mainly observed in the matrix. Both findings indicate that the chemical composition of the BMG is probably not homogenous on the overall surface. Consequently, the pit nucleation phenomenon is not strictly stochastic but depends of the local chemical composition of the matrix.

Spherulite as reinforcement in the BMG?

The work presented in this article does not allow to conclude on the origin and exact nature of spherulites. However, there is some literature on so-called 'composite' metallic glasses with an amorphous BMG matrix and a crystalline reinforcing phase, which should in principle provide ductility to BMGs. There are many different grades, but the one that has attracted our particular attention are the CuZr based grades with the addition of Ti or Al as a doping element to increase the GFA. In 2009, Pauly and co-workers [PAU 09] reported the presence of a B2 phase (CuZr) which forms spontaneously when the rod is cooled. The proportion of this phase is highly dependent on the diameter of the part and therefore on the cooling rates. The B2 phase is represented by crystalline spheres not randomly distributed in the rods (which aggregate in the center part of the rods). They also specify that the B2 phase can be transformed into the so-called martensitic B19 phase (with highly visible needles) under the effect of stresses, composition or cooling speed. This transformation from phase B2 to B19 is known and has been shown to bring plasticity [ESC 19] . The overall challenge of BMG is to have a small proportion of B2 distributed in a totally random way in the rods and which induces plasticity without reducing mechanical resistance. An-other team demonstrated that crystalline spheres act as strong barriers for the rapid propagation of shear bands [HIN 19][ BER 20]. Using a finite element model, they specify that if the spherulites are monodisperse and randomly distributed, then the strain field are more uniform and shear bands can interact and multiplied, which should be beneficial for plasticity. Kim et al. [ KIM 18] give some clues on the origin and growth of this B2 phase, and mention polymorphism crystallization induced by "reduced interface kinetics of solid/liquid interface ". They could also see a shell around the spherulites (about 1 µm width), as we observed in the present work. The growth of the spherulites seems to continue until the glass around it solidifies. These elements could link the appearance of spherulites with the presence of oxygen or other pollution elements during casting or perhaps a too low purity of the raw material. Pollution by third-party elements, even at very low contents, could act as a starting point for nucleation. Another
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Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses explanation could be the spontaneous formation of phase B2 CuTi due to an insufficient cooling rate to freeze the entire bar in an amorphous state [SON 16] . The crystal defects observed in the TiCuZrPd grade are of large diameter and exhibit a complex microstructure. Nevertheless, even if such defects are present, the grade shows very good mechanical properties. Therefore, modifying (decreasing) the size of these spherulites while maintaining their random distribution to improve the mechanical/corrosion resistance properties and provide ductility, as is the case with BMG's ZrCu, can be a strong option in the future, to end-up with more reliable, strong and ductile biomedical grade BMG's.

Conclusion

This study demonstrates the presence of heterogeneities in the TiZrCuPd grade, which were not precisely described so far for this composition. These heterogeneities exhibit the shape of large crystalline spheres, up to several hundreds of µms, which nevertheless remain undetected by X-rays. These spherulites do not occupy a large volume fraction, but their large size and much lower hardness than that of the amorphous material are the cause of premature failure of the parts, in particular under tensile loading, where failure occurs before plasticity. The exact nucleation origin of these spherulites during the process would deserve further work and observations of the microstructure of these spherulites is complex, with martensitic needles in the center and a phase identified as CuTi B2 very present, probably with Zr/Ti and Cu/Pd substitutions. Another objective of the paper was to find out whether the presence of these defects was the cause of the modest corrosion resistance of this alloy. It was shown here that the corrosion and pitting potentials were similar for the spherulites and the amorphous matrix. Therefore, assuming that some corrosion dissolutions initiate on the amorphous matrix, the spherulites, themselves, are probably not the most deleterious to the corrosion resistance. However, the shell at the spherulite/amorphous interface, exhibiting probably a different chemistry, seems to dissolve preferentially in saline solution and have to be controlled. At the end of this study, it is relevant to ask whether it is more strategic to try to preserve these 'defects' while controlling (decreasing) their size and distribution rather than trying to prevent their appearance, as a controlled crystallization of small particles in a glassy matrix seems to provide ductility and improve toughness in other BMG systems. 

Spherulitic growth process in Ti-based metallic glass: microstructure, phase identification and growth mechanism

Ti 40 Cu 36 Zr 10 Pd 14 metallic glass is often considered a promising candidate for biomedical applications, in particular for the manufacturing of small size dental implants. Nevertheless, its processing and limited glass forming ability leads to the appearance of crystalline spheres called "spherulites". These spherulites play a major role in the deformation behaviour of this alloy. It is therefore a critical issue for its future industrial use to identify their nature and better understand their growth process, to enable control of their size distribution and localization. This article presents a fine detailed description of the microstructure of theose crystalline defects, from the sub millimetre to nanometric scales, using TEM transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDXS)/electron backscatter diffraction (EBSD) coupled with scanning electron microscopy (SEM) and X-ray diffraction (XRD) characteriszation. Several phases are identified thanks to the combination of EDXS/EBSD and TEM information, in particular a TiCu B2 phase, analogous to the ZrCu B2 phase usually presents in other composite metallic glasses. The presence of other phases such as Ti 2 Cu 3 phase and the CuTi 3 phases is also detected. The spherulites being are studied at different times of during their growing growth process, and a growth scenario is proposed based on the characterisation observations. The nucleation step of the spherulites remains however unclear despite in-depth investigation. Thus, different hypotheses are discussed. 

Introduction

Metallic glasses are widely recognised as having a far superior elastic limit compared with their crystalline counterparts, making them particularly attractive for biomedical, luxury, high-performance sports and wear-part applications [CHE 11]. Most bulk metallic glass (BMG) grades offer good corrosion resistance [SCU 07] and the ability to deform without crystallising near their glass-transition temperature (T g ) [DUA 07]. The alloy Ti 40 Cu 36 Zr 10 Pd 14 exhibits good biocompatibility together with a very high elastic limit (approximately 2 GPa, mostly measured in compression) and a low Young's modulus (approximately 100 GPa) [ LIE 18]. It is therefore an interesting candidate for the manufacture of dental implants of reduced size, i.e., with less impact on the implantation site. This composition was discovered by Inoue and collaborators [ZHU 07a] to offer an alternative to the current crystalline alloys, which contain non-biocompatible atomic species such as Aluminium, Vanadium, Nickel, Cobalt, and Chrome [CAL 13]. Although many BMG grades have been shown to be fully amorphous, even for specimen presenting quite large diameters (several millimetres), certain other grades are only partially amorphous, such as Cu-Zr and Cu-Ti based BMGs [HOF 13]. In the alloy Ti 40 Cu 36 Zr 10 Pd 14 alloy, large spherical crystalline defects (later called spherulites) which can be several hundreds of micrometres in diameter, are unfortunately often present (even in quite small samples) and are randomly dispersed in the as-cast rods [GAU 22]. They are cannot be observed using standard X-ray diffraction(XRD) techniques, or after compression testing, nevertheless they clearly affect the tensile strength and fatigue properties [GAU 22]. Preliminary observations have revealed that spherulites are most likely composed of a cubic phase (CFC structure, 3.14 Å lattice parameter). Inside the spherulites, a fine sub-micrometric microstructure has been observed but not yet detailed, revealing that several phases may coexist. To date, the exact nature of the spherulites and their formation mechanism remains undescribed. According to Sypien et al [SYP 14], the differential scanning calorimetry(DSC) curves for this alloy (initial amorphous state) revealed several 88 2022 -Laurabelle Gautier -MATEIS laboratory Results crystallisation peaks, indicating the presence of different phases. The phases identified in [CZE 16] were all from the CuTi binary phase diagram, under the assumption that Zr atoms substitute at Ti sites and Pd atoms substitute at Cu sites. This strong assumption allowed Sypien et al to reveal the presence of the (Ti,Zr) 3 (Cu,Pd) phase, Ti 2 (Cu,Pd,*), and (Ti,Zr) 2 (Cu,Pd) phases from scanning electron microscopy (SEM)-energy dispersive X-ray spectroscopy (EDXS) measurements. The reason for the proposed phases is the large solubility of Pd and Cu [OKA 13] and of Ti and Zr [HAR 94]. However, no crystallographic evidence for the presence of those phases has been provided. Premature failure can be observed in the Ti 40 Cu 36 Zr 10 Pd 14 alloy, with severe consequences for the biomedical applications targeted [ LIE 18]. As the spherulites deform plastically [ HON 18], if their size is controlled and limited, they could allow global plasticity of the specimen before failure. This would require the optimisation of the spherulite size and volume fraction during the specimen elaboration. The aim of this study was to provide a multi-scale microstructural characterization of the spherulite from the sub millimetre to nanometric scale. The microstructure of the spherulite formed in a Ti 40 Cu 36 Zr 10 Pd 14 alloy was observed using optical and electron microscopies. Two different types of crystalline defects were observed: large-scale spherulites (almost millimetric, already well developped) and spherulite precursor dendrites ( 50µm in length). Focused ion beam (FIB) thin foils, extracted at the center and surface of the spherulites, were used to identify the phases present. The information gathered were used to propose and discuss a scenario for the growth of spherulites as well as hypotheses for their nucleation.

Results

Many spherulites with diameters ranging from several tens to several hundreds of micrometres and randomly distributed were present in the rods. SEM-EDXS analysis confirmed that the chemical composition of the amorphous phase (light grey region in Fig. 2.1A) corresponds to the nominal composition of the alloy, i.e. Ti 40 Cu 36 Zr 10 Pd 14 . However, the spherulites (darker grey region in Fig. 2.1A) show a slight enrichment in Pd and a slight depletion in Cu, with a measured global composition of Ti 40 Cu 36 Zr 10 Pd 14 and thus, a very small change in chemical composition. Fig. 2.1B presents the diffractogram acquired in the area indicated in Fig. 2.1A, which is an agglomeration of spherulites over a total area of several mm 2 . The diffractogram contains six main peaks of high intensity. Phase identification was performed using the Rietveld method. The CuTi B2(cubic) phase with a lattice parameter adjusted 3.14 Å (theoretically 3.077 Å , green peaks in Fig. 2.1B) matches well with the diffractogram and the density of the [0 0 2] plane is larger than expected, indicating a possible preferred crystallographic orientation. No other phase could be identified from this diffractogram. EBSD analysis confirmed the XRD results as most of the surface of the spherulites was indexed as the cubic CuTi B2 phase (Fig. 2.1C). Note that the needle in the central part was indexed as the Cu 3 Ti 2 phase. Three typical spherulite morphologies observed in the rods in SEM-BSE mode are presented in Fig. 2.2. In Fig. 2.2A, the spherical large spherulite of approximately 140µm diameter, consist of a much finer microstructure in the core than in the periphery. These spherulites are composed of long needles (length of approximately 50µm and thicknesses of a few micrometers) that split in all directions, which appear bright. These needles will be referred to as 'primary needles'. Finer dark needles of a few micrometres long and few tens of nanometres thick neighbour the bright needle and will be referred to as 'secondary needles'. Finally, these two phases are encircled by a grey phase which grow with a spherical shape. Similar contrasts and phase distributions were observed in the two other spherulites types, 90 2022 -Laurabelle Gautier -MATEIS laboratory A) large spherulite of more than 100 µm in size in the core of the as-cast rod, B) smaller spherulite of fews µms in the periphery of the rod, and C) small needle shape defect, which corresponds to an earlier stage of crystals growth. In all cases, the core of the defect consists of white long needles, together with a darker phase, from which a grey phase seems to be growing. Fig. 2.2B and C, with smaller sizes, and fewer needles. One bright long needle was also present, together with thinner dark needles (oriented perpendicularly to the bright needles), both surrounded by a grey phase. The arrangement and morphology of the phases are therefore very similar to that observed at the center of the spherical spherulites in Fig. 2.2A. Higher magnifications observation were performed to better understand the microstructure of these defects.
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Phase identification at the core of the spherulites at the micrometres scale

Fig. 2.3A and B present SEM-BSE micrographs of one large spherulite at two magnifications. In Fig. 2.3B, at higher magnification, three grey shades are observed, indicating the presence of at least three different phases: white needles of width of approximately 2µm (point 1), black needles of size of approximately 1µm (point 4 and 5), and a more diffuse thinner grey phase (points 2 and 3). EDXS measurements were performed at 20keV, which corresponds to an interaction volume diameter of approximatey 1.2µm x 2022 -Laurabelle Gautier -MATEIS laboratory 91 Chapter 2 -Spherulitic growth process in Ti-based metallic glass: microstructure, phase identification and growth mechanism 1.2µm. Considering the size of the microstructure, the measured chemical composition might sometimes overlap with that of the neighbouring phase. Additionally, EBSD maps were acquired over the same area; the band contrast (BC) and phase maps are presented in Fig. 2.3C and Fig. 2.3D respectively. The EDXS and EBSD results are summarised in Tab. 2.1. Five phases with distinct chemical compositions were identified:

1. The large white primary needles, with composition Ti 30 Cu 44 Zr 6 Pd 20 , are particularly rich in Cu and Pd. This phase was indexed as the Cu 3 Ti 2 tetragonal phase. Its (Cu+Pd)/(Ti+Zr) ratio is 1.8, which is close to that expected for the Cu 3 Ti 2 phase.

2. The homogeneous grey phase, with composition Ti 45 Cu 33 Zr 10 Pd 12 , exibits a chemical composition close to the nominal one. It was indexed from EBSD as a cubic CuTi B2 phase, and its (Cu+Pd)/(Ti+Zr) ratio is close to 1.

3. The white phase close to the primary needle, with composition Ti 40 Cu 36 Zr 10 Pd 14 , is particularly rich in Zr and poor in Ti. It could not be indexed by EBSD, as no diffraction signal was collected from this area, most likely due to the small size of this phase structure.

4. The secondary black needles (oriented at 90°to the primary needle), with a measured composition of Ti 43 Cu 28 Zr 11 Pd 18 , exhibit a chemical composition very close to that of the homogeneous grey phase (point 2) with a slight increase in Pd. This phase was indexed as tetragonal CuTi, and its (Cu+Pd)/(Ti+Zr) ratio is close to 1.

5. The darker globular phase, with chemical composition Ti 60 Cu 19 Zr 8 Pd 13 , was surprisingly rich in Ti at the expense of copper. It was indexed as CuTi 3 although its (Cu+Pd)/(Ti+Zr) ratio is close to 0.5.

Similar observations were performed on the other spherulite morphologies, see Fig. 2.4. In this case, the microstructure was much simpler: only four phases were present in the spherulite's core. The 'primary needle' is indexed as the Cu 3 Ti 2 phase, and the secondary needles as CuTi tetragonal phase. At the periphery of the CuTi secondary needles, some areas may exhibit some chemical ordering, as they were indexed as the CuTi-B2 phase with the same orientation as the originating CuTi secondary needle. Note that when using EBSD, it is difficult to assess whether the phase is ordered or not, with the indexation observed for the core and the needles periphery being sometimes CuTi, sometimes CuTi-B2. Indeed, the diffraction patterns for both phases are very similar, and a dedicated indexation algorithm should be used to discriminate between the two phases. Finally, the fourth phase indexed as CuTi 3 was located close to the primary needle with a globular shape and a diameter of a few hundreds of nanometers. 

Orientation relationship between the different phases

Results

The same orientation relationship was observed between the major phases for all the spherulite morphologies (Fig. 2.5):

<001>Cu 3 Ti 2 //<001>CuTi//<001>CuTi 3 <010> Cu 3 Ti 2 //<010>CuTi//<-110>CuTi 3
This finding confirms that the smaller spherulites did grow via the same mechanism as the large globular ones in Fig. 2.2), and that the four phases identified are the main ones involved in their nucleation-growth mechanism. To better describe and understand the microstructure of the large globular spherulites, additional TEM measurements were performed on a FIB foil extracted from the core of the spherulite.

Fine microstructure of the larger spherulites at the nanometric scale

A detailed characterisation of the microstructure of the largest spherulites at the nanometric scale revealed that their microstructure is even more complex and finer than that described from SEM. Indeed, Fig. 2.6A presents a general view of the thin foil extracted at the center of the spherulite, revealing a much finer microstructure than that described from SEM observation. In Fig. 2.6B, several wide needles, corresponding to the primary or secondary one observed from SEM, are visible and encircled by a yellow dashed line (noted as 1 in Fig. 2.6B). One can notice that the needles are all perpendicular to each other, such as for the 'small' spherulites observed previously by SEM. Bright thin laths of a few nanometres thick are present in the middle of those primary laths (1'). The CTEM contrast on those large laths indicate that some of them are distorted (1"), and internal stress might have appeared during the simultaneous growth of the different needles. The primary laths interface is tortuous and decorated with secondary phases. For instance, a dark phase of a few nanometre thick is visible (3) as well as white phases in between the laths (2).

The major grey phase (1 in Fig. 2.6B) was identified using SAED, Fig. 2.7(a) and (b) as the CuTi-tetragonal phase, which is in good agreement with previous XRD and SEM-EBSD characterisation. The 1' phase, which appears as long white stripes in Fig. 2.7(a) has a periodicity of 6Å (Fig. 2.7(c)). This phase presents the same electron pattern as the CuTi laths, with additional spots, typical for the chemical ordering in Fig. 2.7(e). This additional ordering is that presented in [MAR 87], with an intermediate long period structure (a = 3.13Å and c = 5.919Å). Thus, the CuTi-tetragonal phase undergoes chemical ordering after formation. . 96
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Results

Additionally, a typical eutectoid-like structure was observed within the CuTi laths, with a few nanometres-thick lamellas, see Fig. 2.8(a). Orientation mapping performed using TEM with the ACOM/ASTAR tool enable the product of the eutectoid reaction to be identified as CuTi and CuTi 3 (see red squared area in Fig. 2.8(b)). The orientation map indicates that the CuTi phase present in the eutectoid aggregate does not have the same orientation as the initial CuTi lath (Fig. 2.8(c)). The reaction appears to start at the interface and to propagate within the lath. Additionally, a few nodules of the Cu 3 Ti 2 phase were observed close to the decomposed area. 

Microstructure of interface between large spherulites and amorphous matrix

SEM-BSE micrographs of the interface between the spherulite and amorphous matrix are presented in Fig. 2.9. At the crystalline/amorphous interface, an intermediate phase 2022 -Laurabelle Gautier -MATEIS laboratory 97 Chapter 2 -Spherulitic growth process in Ti-based metallic glass: microstructure, phase identification and growth mechanism of approximately 3 and 4µm in thickness is visible with light-grey contrast. This contrast might arise from chemical contrast and/or crystallographic contrast. This shell is present around all spherulites and likely consists of columnar grains. Black nanometric precipitates with elongated shape and dark contrast are also present at the interface between the spherulite and shell. Most of these precipitates are oriented 45°relative to the interface.

To better analyze the chemical composition and crystallographic nature of this region, a thin foil was extracted using FIB at a localization similar to the one indicated by the orange line in Fig. 2.9B. 

Results

The corresponding measurements are presented in Tab. 2.2. The chemical composition of the precipitates corresponds to Ti 47 Cu 20 Zr 12 Pd 21 . The precipitates are rich in Ti and Pd. From TEM SAED, one precipitate was indexed as the CuTi 3 phase. The chemical composition of the shell is Ti 37 Cu 25 Zr 14 Pd 23 indicating a local enrichment in Zr and Pd compared with the nominal composition of the alloy. The Cu+Zr/Ti+Pd ratio is close to 1. A higher-magnification micrograph of the interfacial region is presented in Fig. 2.10(d). Surprisingly, this area that shows a contrast typical for columnar grains, presents no atom arrangement. Its corresponding FFT pattern is diffuse, indicating that the area is amorphous.
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Discussion

Numerous spherical crystalline defects of several hundred micrometres and randomly dispersed were observed in suction casting parts of the Ti 40 Cu 36 Zr 10 Pd 14 alloy. The presence of such spherulites is not often reported in the literature. Multi-scale electron microscopy observations revealed that their microstructure is complex.

Thanks to the composition measurements of the indexed phases and the EBSD measurements, reliable quantification of the different phases was performed. Only phases containing the two major elements of the grade, i.e. Cu and Ti, were considered as possible solutions. This rather simple assumption is first based on previous literature results [ YAN 11] [FOR 11], and second coherent with the fact that Zr and Pd have electronic structures and atomic radii that allow them to substitute for Ti and Cu,respectively [HAR 94]. All the results (XRD patterns, EBSD maps, EDS, SAED-TEM and ASTAR TEM analysis) were consistent with this hypothesis, and it was observed that the major phases present have similar structures as: Cu 3 Ti 2 , CuTi (tetragonal and B2 cubic) and CuTi 3 .

All the spherulites morphologies presented the same phase arrangement: a primary needle with a similar structure as the Cu 3 Ti 2 phase surrounded by perpendicular secondary needles of the CuTi-tetragonal phase. A third phase, with a macroscopic globular shape, indexed as the CuTi 3 phase is also present between the needles. All these phases are surrounded by large globular grains of the CuTi B2 phase. Note that for all the morphologies and spherulite sizes, the dimensions of the primary and secondary needles (between 20 and 40µm long and 1 and 2µm wide), as well as their orientation relationships (see Fig. 2.5) remained unchanged. Therefore, these phases are considered as the precursor. Some areas were nevertheless not indexed using EBSD mapping, which is due to their nanometric size. At an even finer scale, using TEM ASTAR ACOM orientation mapping, structures typical for an eutectoïd reaction were observed (Fig. 2.8). The product phases were identified as CuTi and CuTi 3 . For a CuTiZrNi amorphous alloy, Yang et al. [YAN 11], reported that the CuTi phase is unstable and undergoes a eutectoid reaction that also forms CuTi 3 among other phases. A similar type of reaction is expected for the present alloy, and the presence of this eutectoid aggregate indicates that the initial CuTi-tetragonal phase is not stable. Additionally, a chemical ordering was observed in some of the CuTi-tetragonal needles, resulting in the appearance of nanometric large domains presenting long-range chemical ordering (Fig. 2.7). This phenomenon was already reported by Marschall [MAR 87] in an amorphous CuTi binary alloy. As this type of structure was only observed in the core of the large spherulites and not in the early structures, this decomposition occurs after the formation of the spherulite (in the solid state). A growth scenario was deduced from these observations, and is illustrated in Fig. 2.11. 
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Chapter 2 -Spherulitic growth process in Ti-based metallic glass: microstructure, phase identification and growth mechanism As described in Fig. 2.11, after nucleation, the Cu 3 Ti 2 primary needle acts as a nucleation site for the other phases. These primary needles are enriched in Cu and poorer in Ti compared with the matrix (Fig. 2.11A). Thus, there is a diffusion flux of Ti from the needle towards the interface, while the Cu diffuses from the matrix towards the needle Therefore, a depletion of Cu around the needle is observed, which leads to the appearance of the secondary CuTi tetragonal needles (Fig. 2.11B), which are poorer in Cu compared with the matrix (composition Ti 45 Cu 28 Zr 11 Pd 18 ). These needles do grow perpendicularly to the primary ones, and the orientation relationship between the two phases is the following <001> Cu 3 Ti 2 //<001>CuTi and (001)Cu 3 Ti 2 //(001)CuTi. Finally, a third phase appears, with a composition really close to that of the amorphous matrix and a globular shape, and with a similar phase structure as CuTi-B2 Fig. 2.11C. This phase might crystallize from the interface of the primary and secondary needles towards the amorphous matrix. For spherulites located in the core of the rods, CuTi globular grains encapsulate several needles in a spherical shape (Fig. 2.11E), whereas for the ones located closer to the external surface, the globular grains were smaller than the secondary needles (see Fig. 2.2 A and B and Fig. 2.11D). This finding indicates that the cooling rate may affect the growth kinetics of the spherulites. At a slower cooling rate, the CuTi globular grains have more time to grow and encapsulate the needles. Finally, as CuTi-tetragonal is not stable, a eutectoid reaction can occur, leading to the appearance of CuTi and CuTi 3 laths, see Fig. 2.11G. Some CuTi laths also undergo an additional chemical ordering, with the appearance of nanometre-thick ordered laths see Fig. 2.11H. This particular organization may enable the material to have a more thermodynamically stable interface.

The exact reason for the nucleation of the Cu 3 Ti 2 primary needle remains unknown. This could occur before solidification, in the liquid phase or within the solid amorphous phase. No evolution was observed in the microscopic analyses during heat treatment at 500°C (just below T g ) of the sample, indicating that the amorphous phase is rather stable. Moreover, larger spherulites were mainly observed in larger rods or in the core of rod, indicating that the cooling rate has a direct effect on the growth rate of the spherulites. Therefore, we assume that the germs are most likely present in the liquid phase, during casting. Small longitudinal spherulite precursors, as illustrated in Fig. 2.11D contain only one primary needle of Cu 3 Ti 2 , whereas the large spherulites (Fig. 2.11E) contain many Cu 3 Ti 2 needles. This indicates that the nucleation of the primary needle, with one or more needles, directly affects the final shape and size of the spherulites. It is possible to formulate several hypotheses about the effect of the manufacturing process on the appearance of the spherulites. First, there may be not enough melting steps before the casting of the rod, which could result in non-melted areas or non-chemically homogeneous areas, therefore still organised areas at a very small scale. It is known that germination sites can be very small (a few nanometres) [HU 09]. Second, it is also possible that the cooling rate applied is not high enough to avoid the crystallization nose of the Cu 3 Ti 2 ; the enthalpy of formation may be too low [INO 00]. Finally, there may also be some impurities in the 102 2022 -Laurabelle Gautier -MATEIS laboratory Discussion pure materials or oxygen/hydrogen contamination during the casting that act as preferential nucleation sites for Cu 3 Ti 2 . Several studies suggest that spherulites may affect the mechanical properties. According to [HIN 19][LIU 12b], if the spherulites have a diameter below 100µm, plasticity before failure can be observed. This has been verified in this system in [GAU 22]. The presence of small, ductile spherulites in the amorphous matrix may generate a composite material behavior but may induce a brittle behaviour for larger sizes. Composite metallic glasses are mainly known for ZrCu and TiNi grades [CHE 21], the aim being to control the volume fraction of the crystalline phase to maintain a high mechanical strength while having a plastic deformation before failure in compression. The amorphous fraction is free of grains and of grain boundaries with no residual dislocations/stresses, giving it very high mechanical strength and a very high elastic energy storage. The crystalline fraction identified as the B2 ZrCu phase has, via a martensitic type transformation (under stress), the ability to transform into the B19' phase which macroscopically provides a lot of ductility. There is a blocking effect already documented in the literature that slows down crack propagation (increase in cell volume frome B2 to B19')[ ZHO 20]. Although several studies have suggesedt that the same phenomena occur for TiCu grades [CHE 21], these are much less studied, and there is no published data in this sense for the grade studied here. As illustrated in Fig. 2.8, decomposition and ordering structures are indicators of a potential phase transformation.

To better control the mechanical properties of the material, the size of the spherulites must be controlled. Which can be realised using different methods. The first one consists of targeting the best glass forming ability (GFA) alloy composition, as illustrated in the work of Sypien et al [SYP 17] who studied this type of alloy with 10, 14 and 20 at.% Pd (replacing by Cu). A simple calculation of GF A = Tx Tg+T l suggests that the alloy with Pd 14 at.% has the smallest GFA. It is probable that a small change in composition could decrease the enthalpy of crystallization and then reduce the volume fraction of crystals in the rods, however, to our knowledge this analysis has never been performed. The second and most important parameter for the size distribution control is the casting process. Arc melter suction casting does not allow precise control of the temperature, raises some questions about the master alloy chemical homogeneity (and the number of melts steps required [HU 09]) and the intensity of the arc used should be investigated in future studies.
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Conclusion

This paper focused on a detailed description of the fine microstructure of crystalline spherulites embedded in an amorphous matrix of the Ti 40 Cu 36 Zr 10 Pd 14 BMG alloy. This study reveals a complex microstructure very fine in the core (with two types of needles) and less and less complex until reaching the interface with the amorphous matrix. This interface contains precipitates of CuTi 3 and a not fully organized shell. Thanks to EDXS chemical composition analyses and the use of the CuTi binary diagram, candidate phases were proposed and tested in EBSD and on diffraction images from TEM analysis. The following phases structures were formally identified : Cu 3 Ti 2 , CuTi 3 , CuTi B2 and CuTi tetragonal. These phases are always observed at the same place in the spherulites and with the same orientation relationship to each other. Spherulite structures at different stages of growth (from primary to mature) were observed allowing us propose a growth process consisting of the following main steps:

1. Formation of large needles of the Cu 3 Ti 2 phase (primary needles) 2. This phase is surrounded by a second phase with finer needles oriented at 90°of a phase close to CuTi tetragonal (secondary needles). During solidification, a eutectoid reaction occurs which leads to the appearance of a small amount of CuTi 3 .

3. The entire structure is surrounded by a semi-crystalline shell, which ensures the transition between order and disorder. 

Introduction

Metallic glasses are materials with exceptional compressive yield strength and (at least theoretical) very good corrosion resistance due to the absence of dislocations and grain boundaries respectively, which leads them to be potential candidates as biomaterials for implants [ZHU 07a][ZHU 07b] [ LIE 18]. However, following the recent discovery of crystalline spherulites in the biomedical BMG Ti 40 Cu 36 Zr 10 Pd 14 (see chapter 1 and 2), the use of this grade for dental implant manufacturing has been questioned. BMG systems such as CuZr and CuTi appear to have a significant amount of crystalline fraction in the final piece. Indeed, they have ease to form B2 phases during the copper mold suction casting process [ HON 18] [JIA 18b][CHE 21]. As a result of these findings, more and more researchers are adapting their strategy to counteract the brittle behaviour of BMGs by using the presence of this crystalline phase that arises during casting to improve the plasticity without sacrificing the mechanical strength or elastic properties of the BMG. The challenge for the "metallic glass composites" community is thus to control the size/distribution of the crystalline phase in the amorphous matrix[LIM 10][BER 20][PAU 09], the main guideline being to present spherulites sufficiently small after the process (i.e. all smaller than 100 µm) to avoid them to be considered as critical defects (see chapter 1 and 2). The suction casting is one of the most common process used to manufacture BMG; however, it seems that each laboratory has its own know-how and protocols, sometimes with customized machines. These elements may explain, at least partly, the lack of reproducible results in literature, particularly in the evaluation of the toughness and endurance in fatigue for one grade [ZHA 03a], [ YAM 14]. In the case of the Ti 40 Cu 36 Zr 10 Pd 14 grade, the spherulites exhibit an important size (several hundred of microns) and are randomly distributed according to our previous work. They have so far been assimilated to defects . They could also be involved in the early appearance of shear bands leading to mode II failure. Their specific role in the material's response to corrosion has not been fully explained, although it would appear that the interface area between spherulite and amorphous matrix is particularly sensitive to dissolution but not really the spherulite itself. There is still no consensus on the influence of the presence of crystalline fraction on corrosion resistance. Its seems to vary from one composition to another, sometime crystalline phase increases the corrosion resistance and sometimes it decreases it. This depend mainly on the chemical composition of both. If the crystalline phases is enriched in highly corrosion resistant elements it will not dissolve preferentially at the expense of the amorphous matrix which will dissolve preferentially as explained in [DEB 12], [ DEB 14]. In the case of Ti 40 Cu 36 Zr 10 Pd 14 , the difference in chemical composition between spherulite and amorphous matrix is very small indeed, so the moderate corrosion resistance of the BMG will probably not significantly be improved even without spherulite. The microstructure and constitutive phases of spherulites in the Ti 40 Cu 36 Zr 10 Pd 14 BMG have been studied by electron microscopy (SEM and TEM) in the previous chapter. It would seem that the nucleation of the Cu 3 Ti 2 phase is the first step in the appearance of spherulites. We still do not know the exact origin of the first nucleation of this phase but it is likely that the manufacturing process by suction casting has a pivotal role in the appearance of spherulites. First aspect studied here is the influence of cooling rate on the spherulite (number and size). To do so, two rods, one of ⊘5mm and one of ⊘3mm have been casted in the same conditions. The microstructures are compared by repeated optical microscopy observations. By increasing the cooling rate, it is expected to limit spherulite growth or maybe even avoid nucleation.

Strong assumption about spherulite nucleation adopted in this study, is that maybe there is unmelt areas (chemical heterogeneities are preferential nucleation sites) during the master alloy and rods preparation which can lead to spherulite apparition. In order to investigate this hypothesis, two distinct experiments are carried out in this study based on the melting step. As the temperature of the alloy during melting and casting is directly dependent on the arc intensity [RAD 92], it is likely that an increase in intensity will allow the melt of any previously unmelt areas. So, the first one relies on casting tests using different electric arc intensities (200, 300 and 400A). By increasing the are intensity it is likely that there are fewer spherulites in the rods because there will be theoretically less unmelt areas. The second approach, is based on the article [HU 09] which claims that the number of melts/flips has an significant impact on macroscopic mechanical properties of the alloy Zr 55 Al 10 Ni 5 Cu 30 . Increasing melts/flips number can improve chemical homogeneity and therefore limit nucleation mechanisms. To do, some rods were prepared with 6 and 14 melts/flips before casting, those rods were mechanically test in four-point bending test. Four-point bending test is chosen because compressive test seems to be less sensitive to the presence of casting defect ([GAU 22], [ZHA 03a]) and the tensile test would have required the machining of specimens (difficult in 3mm diameter rods) which would have result in 2022 -Laurabelle Gautier -MATEIS laboratory Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG useful part of the same order of magnitude as a large spherulite. Four-point bending allows to stress at least one side of the sample under tensile stress and the other under compressive stress (see Material and Methods chapter for more details). Another potential source of nucleation is pollution by light elements such as oxygen, carbon and hydrogen. Some previous studies suggest that the raw materials and vacuum quality can have a significant influence on the microstructure and amorphous state of as-cast rods. For example in [LIU 02] and [KER 06], the authors investigated the influence of oxygen level during casting. Both studies conclude that the oxygen presence has a deleterious influence on Zr-based BMG mechanical properties associated with embrittlement mainly due to crystallization under micrometric needles crystals shape. Others elements can be trigged inside the BMG structure such as hydrogen. In literature hydrogen is mainly considered as a microalloying element able to increase GFA of some alloys and therefore increased the free volume amount and alloys ductility ([GRA 15][SU 12][ DON 12]). A TOF-SIMS (Time Of Flight -Secondary Ion Mass Spectrometry) acquisition is performed here to access the presence of light elements inside the spherulites. Additional casting tests are performed with enriched H 2 atmosphere to evaluate the influence of hydrogen on amorphous/crystalline ratio and on mechanical properties (compressive tests).

In BMG community, one of the common ways of customizing mechanical properties is to perform thermal treatment on the as cast rods to perform structural relaxation. The relaxation generally reduces the free volume of the BMG and increases it hardness but decreases its yield strength and its ability to deform plastically [XIA 10]. On the contrary, another approach rejuvenation which consist in different treatments ( cold rolling, shot peening cryogenic cycle. . . ) to increase free volume in the alloy and therefore improve its capacity to deform plastically [KRU 16]. Here, we choose to investigate the influence of thermal treatment on size and structure of spherulite using salt bath, XRD and microscopy. The temperatures chosen for heat treatments are previously based on DSC analysis (also used to perform GFA and critical diameter calculation in the Discussion). Statistical analysis of the two population distributions (Snedecor method [SNE 89] described in Materials and Methods) of spherulites number and size are conducted to ensure the significance of studied parameters on spherulite numbers and size. The links between the studied parameters, the microstructure and mechanical properties will be addressed in the discussion of this chapter.

Organization of results: The study starts with the investigation of the importance of the cooling rate by the casting in different copper mold diameter. Two molds, one of 5mm and one of 3mm are used in the exact same conditions. The samples are polished to study their microstructure and analysed in XRD. Fig. 3.1 illustrates the difference of microstructure for the same alloy composition (Ti 40 Cu 36 Zr 10 Pd 14 ) made in a 5mm diameter mold (A) and in a 3mm diameter mold (B). For the 5mm as cast rod, numerous and randomly distributed large spherulites can be observed. Observations at higher magnification also revealed preferential crystallization at the interface with the mold in some areas. In comparison, for 2022 -Laurabelle Gautier -MATEIS laboratory 109 Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG the 3mm as cast rod, no or very few spherulites (of small size) are visible on the picture, and as for the 5mm diameter rod, observations made at higher magnification also showed preferential crystallization at the interface with the mold in some areas but the thickness of the crystallized interface is less important. The diffractogram associated with each of these samples is presented in Fig. 3.1C, it agrees with the observations made previously. Indeed, well defined diffraction peaks are obtained for the 5mm as cast rod which betray the presence of numerous spherulites while no peak is observed for the 3mm as cast rod (none or few spherulites). To quantitatively reflect the difference in size and number of spherulites in the rods, microstructural observations by optical microscopy were made. The results are shown in Tab. 3.1. For the 5mm diameter there are about 0.3 spherulites/mm 2 . For the ⊘3mm diameter rods, there are about 0.04 spherulites/mm 2 . The observations confirm that there are far fewer spherulites in the ⊘3mm diameter rods: about 10 times less. Furthermore, the size of the spherulites decreases with increasing cooling rate, on average 172µm for ⊘5mm rods and 76µm for ⊘3mm rods.

Results

Influence of the cooling rate

Influence of melting parameters

Arc intensity

Even in the 3mm as cast rods there are few small spherulites. It was anticipated that either the cooling was fast enough to avoid nucleation in the 3mm rods or limit spherulite growth. One major hypothesis, as mentioned in introduction, relies on the possible nonmelted regions during the casting, the arc intensity can play a key role in this matter. We would have liked to investigate different arc intensities with 5mm diameter rods where an evolution of the quantity of spherulites is more likely to be observed. Unfortunately, the casting of 5mm diameter rods is experimentally difficult to achieve due to the viscosity of the alloy at such temperatures. Indeed, the alloy flows spontaneously into the mold without the operator having time to start the suction process. The samples are manufactured with a 3mm diameter mold. Two rods per conditions have been casted. The investigated arc 400A). There is no visible significant difference between the three conditions in pictures A, B and C. The bar plots shown in Fig. 3.3A and B illustrate respectively the distribution of spherulite number and mean size of spherulite surface. On those plots, the result of the F-test is specified, this analysis test is done with the values gathered in Tab. 3.2. It can be seen that there is no statistical significance of the influence between the electrical intensity (of the arc during casting) on the number and spherulite's size inside the rods except for the number of spherulite between 200A et 400A (significantly more for 400A than for 200A).

2022 -Laurabelle Gautier -MATEIS laboratory 111 200A 300A 400A Hardness (HV 0,5kgF) 543 ± 8 543 ± 6 540 ± 10

The Tab. 3.3 reports the Hardness of the previous casted rods using an arc intensities of 200, 300 and 400A. The mean hardness in the amorphous matrix values are respectively 543 HV, 543 HV and 540 HV, those values agree with previous measurements (chapter 1). It seems that the electric intensity of the arc during casting have no important influence on sample's hardness. This result is consistent with the previous one, i.e. there is no significant change in microstructure so there is no significant change in hardness according to arc intensity with samples of 3mm diameter.

Remelted number

It is considered that the temperature reached through the electric arc is not homogenous over the entire thickness of the alloy during each melt, it is therefore legitimate to ask whether the number of melts is sufficient (6 in general) to have a chemically homogeneous alloy without a non-molten zone. As previously mentioned, those could be at the origin of the appearance of spherulites. Two rods are casted, coming from the same master alloy and the same number of melts. For 14 melts/flips the denomination is sample 1 and 2 and for 6 melts/flips it is sample 3 and 4. The rods from which the specimens are taken from, are previously scanned by X-ray tomography to avoid the presence of porosities before being tested in four-point bending tests. But prior to mechanical test, to quantify the crystalline matter amount evolution, a F-test at the 0.05 level was done as previously and presented in Fig. 3.4. The analysis was carried out on the data extracted from the observations of 15 polished sections per rod (four samples in total), the data are gathered in Tab. 3.4. 2022 -Laurabelle Gautier -MATEIS laboratory This analysis indicates that there are significant differences in distribution of the % of crystallized surface between 2 rods that are prepared under the same conditions (for 14 and for 6 melts). For the sample 1, there is an average of 3.56% of crystallized surfaces whereas for the sample 2, only an average 0.28% of the surfaces which are crystallized. For sample 3, on average 0.77% of the observed surfaces are crystallized, whereas for sample 4, a mean of 3.60% of the surfaces are crystallized. The data are pooled into two categories (14 and 6 melts with and N=30 observations/categories), and there is no significant change in distribution between the pooled 14 and 6 melts. The link between the number of melts and the volume of crystallized material has not been demonstrated here. To investigate the influence of the number of melts on mechanical properties, four-point bending tests is carried out on 3mm as cast rods (machined to 2.8mm) which master alloy is either melted/flipped 6 times before casting or 14 times before casting. Four-point bending is chosen to avoid pure mode II loading (compression), which has already been 114
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shown to be less sensitive to casting defects (Chapter 1) and easier to perform than tensile tests (larger useful part of specimens tested in bending). The four-point bending allows one side of the specimen to be tested in tension and one side in compression (See Figure 34 in Material and Methods). The use of four-point rather than three-point bending also allowed us to limit shear on the useful part of the specimen and to present a large surface of the material in tension. Fig. 3.5A shows the stress-displacement curves for four-point bending tests conducted on cylindrical BMG specimens with two numbers of melts (14 or 6) compared to specimens from 5mm as cast rods (with diameter rectification before test). The stress σ 4P B is estimated by the Eq.( 2)(Material and Methods). There is a wide spread of results in this test with mechanical strengths ranging from 590 to 3700 MPa. The B, C, D and E pictures show a comparison of the appearance of the fracture surface of the worst and best specimens. For the specimen that broke at low load (pictures B and C) it can be seen that the fracture occurs at about 90°on tensile side with a very flat aspect. Seen from above (B), it seems that the initial fracture appears in the left corner close to the maximum tensile stress point. For the specimen that showed surprisingly high mechanical strength (D and E), it exhibits rough fracture surface with both shiny and matt areas corresponding to more ductile fracture, (e.g. after the test, the specimens are no longer able to roll perfectly on a flat surface). It is likely that the starting point appears in the lower right corner of image D. Zooming in on this area in particular, nothing special is observed, no spherulite is visible. Furthermore, it appears that the specimens from sample 2 and sample 3 (orange and dark blue curves) broke at lower displacement than the other specimens (with less crystalline matter). It can also be seen that the specimens from a 5mm as cast rod showed more than satisfactory mechanical strength. It appears that the specimens that broke at the highest stresses plasticized before breaking, which is not the case for the specimens that broke rapidly in a brittle manner. A/B/C were taken on a specimen that had been melted 14 times before casting and broke at 2405 MPa. D/E/F were taken on a specimen that had been melted 6 times before casting and broke at 1972 MPa. On both of the samples, there is a spherulite easy to identify which is the starting point of the fracture (big white arrow). Fig. 3.6 shows the surface fracture of two specimens tested in four-point bending test. On these two samples, it is easy to determine the starting point of the main crack. In both cases, it can be seen that one or more spherulites are the starting points of the main crack. Unfortunately, the four-point bending tests are carried out on cylindrical specimens in a hard material (no trace left by the rollers) which did not allow us to locate with full confidence the tensile and compressive faces and the relative position of the defect with respect to these. But according to the surface profile it is possible to identify the faces in compression and tension. In most cases, the initial crack appears at 90°to the surface of the specimen on the tensile side. It then propagates in this way until it reaches the compression stress area which deflects the main crack before complete failure (as illustrated in Fig. 3.5C). For the condition 14 melts (in Fig. 3.6C), the initial defect has a surface of about 0.13mm 2 and about 550 µm in equivalent diameter, its position is not exactly in the maximum stress area. For this sample, failure occurred at a stress of 2405 MPa. For the samples with 6 melts (Fig. 3.6D,E,F), the initial defect has a surface of approximately 0.016mm 2 and 125µm in diameter, its position is believed to be in the exact area of maximum stress. For this sample, failure occurred at 1972 MPa. Those results will be further addressed in the discussion.
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Influence of hydrogen

Following the previous results, apart from the cooling speed (related to the size of the mold), the heating mode (arc intensity and the number of melts) did not have a significant influence on the number and size of spherulites observed. Another possible explanation is impurities present inside the raw materials. To assess this hypothesis, TOF SIMS (Time Of Flight -Secondary Ion Mass Spectrometry) mapping is carried out. The TOF-SIMS map is a quantitative elemental surface analysis that can be done in two different polarizations. The positive polarization to quantify the heavy elements and the negative polarization for the light elements. In positive polarization (results not shown here), there is no particular change in intensity observed for the elements Ti, Cu, Zr and Pd between the amorphous matrix and spherulites. However, under negative polarization shown in Fig. 3.7, a strong change in intensity is visible with hydrogen and TiH maps. It appears that the needles in the core of the spherulites and the amorphous matrix are richer in hydrogen ions than the periphery of the spherulites (local depletion). These results suggest that the presence of spherulites is probably not linked to oxygen or carbon pollution of the initial raw metals but highlights the potential involvement of hydrogen in this phenomenon. To determine the influence of hydrogen on the amount of crystallized matter in the rods, 3mm rods were made with and without the addition of H 2 in the arc melt chamber during the preparation of the master alloy and casting. 118
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Figure 3.8 -Pictures of representative polished cuts of the microstructure inside the rods manufactured under different conditions. A, specimens casted in a 3mm diameter mold in an Argon + 3%H2 atmosphere. B, zoom on the lower part at the copper mold interface of the as cast rod of 3mm diameter in Argon + 3%H2 atmosphere. C, specimens casted in a 3mm diameter mold (pure argon atmosphere). D, zoom on the lower part at the copper mold interface of the as cast rod of 3mm diameter (pure argon atmosphere) E, specimens casted in a 5mm diameter mold (pure argon atmosphere) and machined down to 3mm diameter. Fig. 3.8 shows optical microscopies of polished sections representative of each previous casting condition tested under compressive stress (3mm+Ar, 3mm + Argon + 3%H 2 and 5mm+ Ar). For each case the "least amorphous" section is shown (out of 15 observations for each condition). For the ⊘3mm-as cast condition (Ar +H 2 ) shown in A, there are few individual spherulites, so it is difficult to make the same statistical analysis (number of spherulite and surface) as in Fig. 3.2. However, it can be seen that the surface fraction (and therefore probably the volume fraction) of crystallized material is much higher for the Argon + H 2 casting (photos A and B) than with pure Argon (photos C and D). At the interface zones with the mold (B and D), the thickness of the crystallized zone is about ten times greater in the presence of hydrogen than without it (respectively 390µm and 30µm). In addition, during the rods casting, it was noticed that the surface of the rods prepared in the presence of hydrogen had a generally less smooth surface. In the rods prepared in a 5mm diameter mold there are significantly more and larger spherulites than in the rods prepared in the 3mm diameter mold (Same as in Fig. 3.1). The spherulites are randomly distributed, with a preferential crystallization at the interface with the mold (which is eliminated when the diameter is rectified to 3mm for the following compressive tests show in Fig. 3.9). Then the rods are tested in compression to evaluate their mechanical properties (compromise between number of samples and limited amount of material). Fig. 3.9A shows the stress-strain curves under compressive stress for three casting conditions: 1) specimens casted in a 5mm diameter mold under pure argon atmosphere and machined down to 3mm diameter (blue curves). 2) specimens casted in a 3mm diameter mold under pure argon atmosphere (green curves). 3) specimens casted in a 3mm diameter 2022 -Laurabelle Gautier -MATEIS laboratory Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG mold in an Argon + 3%H 2 atmosphere (red curves). The conditions 1) and 2) are chosen to determine the influence of the cooling rate on the compressive mechanical properties. The conditions 2) and 3) are chosen to determine the influence of hydrogen on the compressive mechanical properties. The graph shows good reproducibility for conditions 1) and 2) but a wide dispersion of results for condition 3). The mean values and standard deviations of the Young's modulus and maximum stress for each condition are summarized in Tab. 3.5.

Figure 3.9 -Compressive stress-strain curves of three sample populations. In blue, specimens casted in a 5mm diameter mold (pure argon atmosphere) and machined down to 3mm diameter. In green, specimens casted in a 3mm diameter mold (pure argon atmosphere). In red, specimens casted in a 3mm diameter mold in an Argon + 3%H2 atmosphere. B/C/D/E are SEM picture of one ductile sample (B and C) and one brittle sample (D and E). Table 3.5 -Summary table of Young's modulus (GPa), mechanical strength (MPa) and plastic deformation (%) for the three manufacturing conditions (5mm as cast, 3mm as cast and 3mm as cast Argon + H2).

Compressive test E(GPa) σ max (MPa) ϵ p (%) Hardness Vickers (0,5kgF) ⊘5mm as cast machined to ⊘3mm 100±5 2010±15 0,3 -0,7 556±4,5 ⊘3mm-as cast 75±5 1760 -2060 0,4 -1,3 543±8 ⊘3mm-as cast (Ar +H 2 ) 93±12 1700-2230 0 -2,9 547±7

From these compression tests, there is a significant decrease ( 25%) in Young's modulus values following a change of mold diameter (cooling rate), from approximately 100 GPa for 5mm as cast rods to approximately 75 GPa for 3mm as cast rods. Similarly, the σ max supported are on average higher for 5mm as cast than for 3mm as cast. However, a significant higher plastic deformation is seen for 3mm as cast rods. Regarding the ⊘3mm as cast (Ar +H 2 ) condition, the behavior is more scattered exhibiting sometimes a brittle fracture and sometimes some surprising ductility as shown in Fig. 3.9 A (red curves). This leads to some difficulties in understanding the exact effect of hydrogen on the mechanical properties. The fracture surfaces exhibit features typical of a brittle fracture with vein pattern in mode II (shown in Fig. 3.10), but not clear difference is observed between the different conditions. However, looking at the profile of the test specimens in Fig. 3.9B and C, it can be seen that the specimens showing macroscopic plastic deformation show numerous shear bands along the maximum stress axis. The area with shear bands is approximately 1mm thick. In contrast, in Fig. 3.9D and E for specimens with macroscopic brittle behavior, there are far fewer shear bands in a much narrower area (180µm on one half of the specimen and probably about 360µm in total).

Influence of post-casting heat treatment

After trying to modify the spherulite's amount and/or size inside the rods during heating and cooling steps, the role of the post casting heat treatments in salt bath is investigated. The main enquiry is to test if the spherulite are stable structure or not and if it is possible to make it grow after casting. The heat treatment temperatures are based on a previous DSC analysis which results are presented in Fig. 3.11. Fig. 3.11 shows the heating and cooling curves of two consecutive cycles in DSC at 10°C/min. On Fig. 3.11A (heating), on the black curve (1st cycle), the glass transition temperature had been determined to be at 395°C. Then, there are three successive exothermic peaks respectively at 438, 513 and 543°C which correspond to crystallisation peaks. Above 836°C, there are probably three endothermic peaks (see inset in A) which correspond to the melting peaks of the alloy. The liquidus temperature of the grade is estimated here at 910°C. During cooling Fig. 3.11B (black curve) there are at least two solidification peaks at 882 and 828°C (a deconvolution analysis could lead to a more accurate analysis of the number of peaks actually present). During the 2nd cycle (blue curve on A and B), neither the T g nor the crystallization peaks are visible which is logical since the sample is fully crystallized at the end of the 1st cycle. The melting and solidification peaks of the 2nd cycle is almost equivalent to those of the first cycle. It is likely that the small differences are due to a reaction between the sample and the alumina crucible used for the analysis. The DSC data obtained will allow GFA calculation of the Ti 40 Cu 36 Zr 10 Pd 14 grade in discussion. The Fig. 3.12 shows X-Rays diffractograms corresponding to the influence of heat treatments in salt bath on the crystalline state of the 3mm as cast rods (initially almost 100% amorphous rod). It can be seen that after a heat treatment at 450°C for 1h (above T g and the first crystallization peak at 438°C) according to the DSC (curves presented in Fig. 3.11A), there is no visible peak in XRD. On the other hand, for all the other treatments, the higher the temperature, the more crystallized the samples are and the more intense and narrow the peaks are. The aspect of the peaks reflecting the presence of larger and more numerous crystalline grains. It is interesting to note that the peaks visible in this diffractogram are close to the one obtained in the XRD diffractogram on a cluster of spherulites given in Chapter 2, Figure 1. It is therefore likely that these peaks are not related to an increase of the size of the spherulites in the rods. Especially since the peaks obtained in Fig. 3.12 can be identified here as CuTi which is the main spherulite phase. Fig. 3.13 shows pictures of the same spherulite before and after a salt bath treatment (500°C-1h). These observations show that the spherulites do not grow during the heat treatments tested in this study. Furthermore, no visible change in the amorphous matrix was observed in optical and SEM observations in the amorphous matrix (results not showed here). Some hardness measurements (Vickers at 0.5kgF) were made on the amorphous matrix of a sample which spent 1h at 550°C in the salt bath (orange curve in XRD Fig. 3.12). On average, the hardness measured was 726 HV after 1h at 550°C, i.e. an increase of about 35% compared to an as cast sample (550 HV). This change in hardness is indicative of the evolution of the amorphous structure, which will be discussed in the next section.
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Discussion

Since their discovery, spherulites were initially considered as defects that could affect mechanical properties before being considered as potential reinforcements by obtaining composite BMG. In previous study, it was shown that they may have a negative influence on tensile strength, fatigue and potentially corrosion resistance [GAU 22]. Several parameters of the copper mold suction casting were tested here to assess their influence on size and repartition of spherulite on mechanical properties of the resulting rods. As it is not possible to directly visualize spherulites in 3D in the rods by using X-ray tomography due to the absence of chemical difference between amorphous matrix and spherulite. The statistical analyses used in this study appeared to be the best method to quantify spherulite evolution but they have limitations: first, they are based on observations of 2D sections to characterize 3D objects (spherulites) which are only estimations (minimizing the real 124 2022 -Laurabelle Gautier -MATEIS laboratory Discussion values [SAL 58]) of the actual diameter/surface of the spherulites. Moreover, the number of observations is relatively limited for each condition, some results are appearing insignificant with the chosen parameters and could become significant with a larger sampling but it is particularly difficult to achieve from an experimental point of view (quantity of samples limited by the price, its elaboration time and preparation and observation of the samples).

Effect of cooling rate

It is commonly accepted in the literature that the cooling rate has a fundamental importance on the state and properties of the obtained glasses [TUR 69][DAV 75][INO 00] . In the case of Ti 40 Cu 36 Zr 10 Pd 14 alloy, there is no exception to this principle and Fig. 3.1 and Tab. 3.1 well illustrate this statement. By decreasing the size of the mold (to ⊘3mm), the cooling rate is directly increased, the rods are then cooled faster and resulting in a different amorphous/crystalline ratio compared to the ⊘5mm rods. In the case of a mold with ⊘3mm, the sample is almost completely amorphous (rare and small spherulites), whereas in the case of a mold with a ⊘5mm, numerous and large spherulites are visible. This was well illustrated in the study of [HAA 18] were they monitor the alloy temperature in a "V" shaped mold during solidification. Beyond the microstructure alone, which is impacted by the mold diameter, it is likely that the amount of free volume also depends on the cooling rate [XIA 10], [ ZHU 14]. The theory of free volume [TUR 69] [ARG 79][SPA 77], defines the amount of free space available for the movement of the atoms in the frozen amorphous alloy. Following this assumptions, the compressive tests curves presented in Fig. 3.9 showed an decrease in Young's modulus for a ⊘3mm as cast rod, which is surprising compared to [XIA 10] where all the samples keep the same young modulus (only the amount of plastic deformation change). However, the faster cooled samples showed more plastic deformation than the others as in literature. Moreover, there is a higher amount of crystalline material in the 5mm diameter rod than in a 3mm diameter rod. If we assume that we are in a composite material with various amorphous/spherulite ratio: in the case of ⊘5mm rods there are larger and numerous spherulite in addition of a limited amount of free volume in the amorphous matrix. Maybe in the case of 3mm rods, there are less spherulite with more free volume available. The microscopically observed Young Modulus then can be higher for ⊘5mm rods than for the ⊘3mm rods. The plastic deformation is greater on the 3mm diameter as-cast specimens because it contains probably more free volume which allow the creation of more shear bands along the main shear axis on the highly deformed specimens prior to failure. In the future it would be interesting to perform tensile tests on specimens taken from 3mm rods as the size of the spherulite is on average smaller (≈ 76µm) than the size of the estimated plastic zone of (about 100µm) in this alloy [GAU 22]. In this configuration maybe, some ductility could be seen under mode I.
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Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG

Effect of melting parameters

As the starting point for spherulite nucleation has not been formally identified yet, there are two main hypotheses about initial nucleation. The first one is: insufficient heating temperature and the second one: a lack of chemical homogeneity. It can be seen that even on the 3mm as cast samples there are some spherulites (in the core and at the interface with the mold) whereas this grade is claimed with a critical diameter of 6mm [ZHU 07a][OAK 07]. It is therefore likely that during the preparation of the rods, some areas of the master alloy are maybe not fully melt [LIU 12a]. In the arc furnace, the heat generated by the electric arc is not homogeneous but rather exhibits a gradient leading to some cold spots where the master alloy can stay solid. This assumption is schematically represented in Fig. 3.14. Furthermore, the part of the material in contact with the mold is necessarily colder than the part in contact with the argon atmosphere in the furnace chamber [ GUE 20]. Then the rod will be casted, and the nucleus according to its position in the liquid (in contact with the mold or in rod's core) will be the starting point for crystallization which will lead to the apparition of spherulites of varying size depending on the cooling time, number of nucleus in the rod but also needle-like structures in the case of an isolated nucleus. 126
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Discussion

To test this hypothesis of potential, unmelt areas, two experiments were carried out in this study. The first one is the casting tests with different electric arc intensities. However, the results in Fig. 3.2 and its associated statistical analysis showed that there is no significant influence of arc intensity on the number and size of spherulites observed inside the rods. It is therefore probable that even at 200A the alloy temperature is above the liquidus temperature (estimated at 910°C by DSC analysis) so this hypothesis is not confirmed. Others have investigated the influence of arc intensity on a Zr based BMG [ LIU 18][TAN 11]. In [LIU 18], they concluded that there is a direct correlation between the intensity and microstructure on their samples. The lower the arc intensity used, the more likely the sample was to be crystallized. They also mention the occurrence of phase separation in the liquid phase, which has a considerable influence on the mechanical properties under compressive stress. Maybe there were no visible difference in microstructure but at a finer scale the difference in free volume could have been changed via the arc intensity. It is also possible that the diameter of 3mm was too thin and the cooling too high to see a significant change according to the arc intensity. The amount of master alloy is greater for the preparation of a ⊘5mm rod than for a ⊘3mm rod. Therefore it is likely that the greater the amount of master alloy the more the heating step may influence the rods crystalline/amorphous ratio. Future investigations using ⊘5mm rods can definitely could will help to conclude on the effect of arc intensity on this BMG. The second one is the number of melts/flips required to obtain the better ratio amorphous/crystalized material volume to improve mechanical properties. For one composition, the ZrCuAl system, the more the master alloy is re-melt, the less B2 crystalline phase is present but its repartition is more and more homogeneous, they find that 12 melts/flipping of 1min each at 410 A is the optimal condition to show plasticity and strain hardening in tensile test [LIU 12a]. In summary, according to these experiments, the hypothesis is that the number of melts can reduce heterogenous nucleation and growth by oxides and nitride dissolution associated with a better chemical homogeneity of the master alloy. Obtaining a very homogeneous master alloy should limit the presence of unmelt areas which are preferential nucleation sites. The results of four-point bending tests on 14 and 6 melts/flips proved to be very poorly reproducible (Fig. 3.5) but hints the incredible properties that this BMG composition Ti 40 Cu 36 Zr 10 Pd 14 can reach (maximum mechanical strength of 3700 MPa for one sample). The lack of repeatability in compressive and tensile tests has been already discussed in [GAO 11], admitting that the casting process should be improved. Our experiment illustrates the difficulty of mastering the suction casting process for the manufacturing of metallic glasses. Statistically, no difference in distribution of the crystallized material could be determined between 14 and 6 melts/flips (Fig. 3.4). However, it appears that the less crystallized rods have lower mechanical strength (orange and dark blue curves in Fig. 3.5) than those containing more spherulites (red and dark blue curves). The observations of the fracture surfaces, the measurement of the fracture angles, the size and position of the starting crack point in specimens after failure allow 2022 -Laurabelle Gautier -MATEIS laboratory Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG to give some general trends to the wide spread of the mechanical strengths. It seems that more the starting defect (here spherulite) is big and close to the maximum tensile area of the specimen, the more likely it is that the specimen will break prematurely (at small load). On the contrary, if there is no spherulite near the tensile surface, then very high stresses can be reached and the specimens can be plastically deformed before failure. Indeed, it was noticed that on the highest strength specimens (3200 and 3700 MPa), there is an absence of clear starting point on the fracture surfaces (Fig. 3.5D). The scattering of results of four point-bending test therefore indicate that there is a statistical randomness in the results which rely on the spherulite nucleation position.

Finally, it seems that the spherulites are not likely to be the result of unmelt areas or a lack of homogeneity during casting, their presence seems to be more influenced by the cooling rate than the heating step.

Influence of hydrogen

The other main origin of spherulite nucleation can be the purity of the raw pure metals used for the sample's manufacturing. Spherulites may be the result of external element contamination of the pure metals before (in the raw metals) or during casting (air leak in furnace chamber or insufficient primary and secondary vacuum). The difference in purity of the metals can be considered as a plausible explanation for the varying mechanical properties obtained for the same alloy composition in equivalent manufacturing processes in literature. For example, [LIU 02], [KER 06] oxygen contamination during cooper mold casting process has been proved to provoke an embrittlement of the BMG and a decrease of its GFA. In an attempt to determine whether the Ti 40 Cu 36 Zr 10 Pd 14 grade is contaminated by one or more elements, a surface analysis based on mass spectroscopy method was carried out on a rod. The only contrast visible in Fig. 3.7, suggested that hydrogen may be involved in the nucleation of spherulites. Observations on rods fabricated in the presence of hydrogen suggest that the crystalline layer at the mold interface is larger than when fabricated without hydrogen and spherulites are maybe larger (see Fig. 3.8).Compressive tests carried out on samples casted with hydrogen show a wide spread of results. In compression, the fracture surfaces did not show any difference between the specimens that showed plastic deformation and those that did not, but the observations of the length and density of the shear bands on the profile view of the specimens after the test seems to be an important element. This method was also used by others in [ NAR 18]. It would appear that the specimens that showed the most important plastic deformation also developed more shear bands than those with brittle behavior. Those results are rather surprising, indeed in literature the hydrogen is mostly considered as an alloying element which increase GFA, free volume amount which result in improved ductility (promote multiple shear bands development) [ it is absorbed (spherulite or amorphous) have a different influence. Inside the spherulite it seems to promote their growth and/or nucleation, on the contrary in the amorphous matrix maybe it increases free volume. The large scatter of mechanical behavior under compressive stress (from brittle to ductile) rely maybe again on the spherulite position inside the specimen. If the spherulite (which is bigger than usual) is on the maximum compressive axis, it can act as a critical defect, then the sample is probably going to break with a brittle behavior (Fig. 3.9D). On the contrary, if there is no spherulite in the maximum compressive axis, the sample will deform plastically before failure by forming numerous shear bands (Fig. 3.9B) in the amorphous matrix (alloyed with hydrogen). Because, we suspect hydrogen to promote spherulite growth inside the rods and linked to rather unpredictable mechanical behavior, it is therefore best to avoid hydrogen during casting. To confirm those assumptions, as suggested in [SUH 00], simple DSC measurements could have been done on the 5mm as cast rods and 3mm as cast Ar+H 2 to highlight the evolution free volume through change in T g and T x to better explain the difference of Young modulus between 3 and 5mm rods.

Influence of heat treatments

The thermal stability of the alloy was studied using DSC analysis mainly to determine the T g (glass transition temperature), T x (crystallization temperature) and T l (liquidus temperature) to calculate the GFA of the alloy. According to [ZHU 07a], there is two parameters γ and δ which are able to give information on the GFA of the alloy studied. The higher γ and δ are, the higher the GFA. According to characteristics temperatures extracted from Fig. 3.11 :

γ = T x (T g + T l ) = 0.384 δ = T x (T l -T g ) = 1.38
And according to [INO 08] it is possible to estimate a theoretical critical diameter by following the below formula:

D c = 10 -2.57+6.16( Tg T l ) = 8.1mm
The results obtained for γ and δ are in full agreement with the values given in the literature [ZHU 07a][CZE 16] [SYP 16] [GAO 11][ NAR 18]. But the estimation of the critical diameter of 8 mm for this composition is not really representative of what can be obtained experimentally with a laboratory arc melting suction casting, because even with 3 mm rods there are spherulites. Perhaps here again, the supply and purity of the pure metals used to make the alloy are of such importance that they can strongly influence crystallization during casting. It would
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Chapter 3 -Impact of casting parameters and relaxation treatments on the microstructure and mechanical properties of Ti 40 Cu 36 Zr 10 Pd 14 BMG be interesting in the future to separate the quality of the raw materials from the manufacturing process and to identify the influence of each of these parameters. Furthermore, the characteristic temperatures of the alloy allowed us to try different heat treatments (from 400 to 600°C for 1h, see Fig. 3.12). The spherulites are not sensitive to the heat treatments and retain their as cast size (Fig. 3.13). It appears that the 450°C treatment is equivalent to a structural relaxation treatments and that the higher temperature treatments induce a crystallization of the initially amorphous matrix exactly as in [QIN 07a]. The heat treatments were all carried out over a period of 1 hour and the importance of testing other temperatures and durations to evaluate the changes of the microstructure cannot be excluded. Future tests in this direction could lead to the determination of the TTT (timetemperature-transformation) diagram of the TiCuZrPd grade, which will probably help to better understand Ti 40 Cu 36 Zr 10 Pd 14 mechanical properties. It is also likely that the enthalpy of crystallization of this grade is so low that obtaining this grade in bulk and perfectly amorphous state appears difficult or for very small diameter. Doping with elements such as Si, Sn and Nb has already been tested [SYP 16], [FOR 13][ZHU 12][LIE 20] there were no more spherulites and an increase in GFA but there was a decrease in mechanical properties. In this context, it seems legitimate to consider staying in the same system but perhaps changing the atomic distributions. Perhaps the only way to get amorphous bulk parts of the Ti 40 Cu 36 Zr 10 Pd 14 alloy would be to atomize the alloy in powder and sinter it for example, by SPS (spark plasma sintering), which could allow an even better assessment of the need to get rid of the spherulites or not.

Conclusion

Various investigation based on the arc melt suction casting process of the Ti 40 Cu 36 Zr 10 Pd 14 grade have been studied in this chapter. The parameters studied made it possible to rule out certain hypotheses for the appearance of spherulites and to evaluate the capacity of this alloy to have customized micro-amorphous/crystalline ratio to meet the requirements of the medical sector (improvement in toughness, fatigue endurance and plasticity under tension). The main trends and results of this study are as follows:

• The larger the size of the mold used, the lower the cooling rate and the more crystallized the sample will be (spherulites will be larger and many more numerous).

Unfortunately, even with a mold of 3mm in diameter, rods are never 100% amorphous. But spherulites could eventually be small enough to prevent premature brittle failure under tensile stress.

• The change in intensity of the arc (between 200 and 400A) does not seem to have any influence on the number and size of spherulites, so the hypothesis that the spherulites would come from unmelt areas during casting is not confirmed, at least in the conditions chosen in our study.

130
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Conclusion

• The number of melts/flips of the master alloy prior to the rods casting does not seem to have any influence on the number and size of spherulites, so the believed presence of non-homogeneous areas in the rods is not confirmed.

• It seems that the heating step do not have significant influence of the casted rods but the cooling step is crucial.

• Surface analysis by mass spectrometry indicated that hydrogen can be involved in the growth of spherulites. The casting in an H 2 enriched Argon atmosphere showed an increase in the crystallization of the core's rods at the periphery (interface with the copper mold), which makes the mechanical properties of the alloy particularly unpredictable even in compressive tests. 

Introduction

Since two decades, Bulk Metallic Glasses (BMG) are often described as very promising materials for biomedical applications. They may exhibit effectively astonishing mechanical and corrosion properties [ECK 07], especially when they are processed in the form of very small samples. The Ti 40 Cu 36 Zr 10 Pd 14 grade for example has already been proved to be biocompatible and presents a yield strength up to 2 GPa[LIE 18][GAU 22][ZHU 07a]. This, in addition to a theoretical improvement of corrosion resistance related to its amorphous nature, would open the door to minimally invasive implants and small dental products. However, we have recently shown that crystallized casting defects (referred as spherulites) in this specific composition have a detrimental influence on the mechanical and electrochemical properties [GAU 22]. They are particularly numerous and large in few millimetres bulk samples, which are relevant to produce dental implants. While the exact origin of the spherulites has not yet been determined, their morphology, chemistry, crystallography based on Cu-Ti binary diagram and a growth mechanism have been detailed previously (Chapter 2). It is assumed that if the microstructure (content and size of such spherulites) of this BMG can be better controlled through processing it can lead to a significant improvement in the mechanical properties. Unfortunately after several tests, it seems that even under the best believed manufacturing conditions the suction casting limits were reached without succeeding in obtaining 3mm rods without spherulites or with size controlled spherulites (chapter 3). It appears that this alloy has probably a too large capacity to crystallize to hope to manufacture it in amorphous state without spherulites. Furthermore, the corrosion resistance of the Ti 40 Cu 36 Zr 10 Pd 14 grade is limited [LIE 18] [QIN 07b][OAK 09] which is a problem for dental implant application. Moreover, according to the results of Chapter 3, spherulites do not seem to be sensitive to heat treatments (up to 600°C), it appeared that the amorphous matrix relaxed before crystallizing without change for spherulites size or crystallography. So, it is questionable whether the phases inside the spherulites are equilibrium state phases or not. The first part of this chapter focuses on the master alloy of the Ti 40 Cu 36 Zr 10 Pd 14 grade. The master alloy has been chosen because it is the closest state to thermodynamic equilibrium (crystalline) afford-134 2022 -Laurabelle Gautier -MATEIS laboratory Introduction able at the laboratory. The main goal of the study of the master alloy was to determine if the spherulite's phases are identical to those of the master alloy or not by using X rays diffraction. In addition to these results, the microstructure organization of the master alloy is observed by optical and electronic microscopies and some potentiodynamic tests in the same conditions as for metallic glass previously (chapter 1), in NaCl 0.9% at 37°C were performed for comparison of the amorphous state alloy. In the second part of this chapter, admitting that, for composition Ti 40 Cu 36 Zr 10 Pd 14 , spherulites are particularly difficult to avoid in suction casting and given the very modest global corrosion resistance of this composition, probably due to its high copper and palladium content, its future as a biomaterial seems increasingly compromised. In order to address these two main problems, there are two possible strategies. First, to get rid of spherulites there is a need to improve GFA, the most common strategy which has already been tried in literature is adding or substitute small amount of extra elements. In the specific case of Ti 40 Cu 36 Zr 10 Pd 14 , it has already been demonstrated that additional components make it possible to reduce or even eliminate the presence of spherulites (for Sn and Sn+Si addition), but they also considerably reduce the mechanical properties and do not really improve the corrosion resistance or have a limited critical diameter (D c ). A summary of the main literature results of the extra elements addition is available in Tab. 4.1 below.

The second approach is to remain in the TiCuZrPd system and change the atomic distribution in an attempt to avoid spherulites and improve corrosion resistance. It was therefore decided to carry out casting tests without prior specific thermodynamic calculations, with compositions never mentioned in literature and from the Ti 40 Cu 36 Zr 10 Pd 14 master alloy phases chemistries analysis resulting from the part 1 study. The derived alloy compositions were selected considering two chemistries that were thought to be more resistant to corrosion (Ti 65 Cu 21 Zr 4 Pd 10 and Ti 51 Cu 38 Zr 3 Pd 8 ) than the basic grade Ti 40 Cu 36 Zr 10 Pd 14 and one chemistry that was expected to be very sensitive to corrosion (Ti 26 Cu 43 Zr 15 Pd 16 ).Those chemistries are considered to comply with most of the laws stated by Inoue [INO 00], with a hope of obtaining these partially amorphous rods. All the obtained results will be described and followingly discussed. The first part of this chapter focuses on the characterization of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy. In order to determine whether the spherulites have phases identical to that of the alloy in its close to equilibrium state. The master alloy was cut and polished as described in the Materials and Methods, the diffractogram of which is shown in Fig. The two diffractograms in Fig. 4.1 are quite different, the master alloy one contains many more peaks than the one of the spherulites. This multitude of peaks goes in the direction of the presence of a large number of different phases in the material. Formally identifying the phases present in the master alloy through XRD analysis is a major challenge given the complexity of the signal, it was tried to performed the Rietveld method with phases based on the binary Cu-Ti diagram but we have not been able to formally identify the present phases. It was noticed that there are some peaks in common with the spherulite diffractogram, such as the double peak at 40.4 and 41.5°and the peaks at 74°and 88°. However, it would appear that the CuTi-B2 phase identified in XRD for the cooled at 60K/min, they found the signal of a single CuTi phase, which is tetragonal with lattice parameters a = 3.115 Å and c = 5.947 Å. It seems that there is no consensus on the crystalline phases present in Ti 40 Cu 36 Zr 10 Pd 14 alloy probably because its depends on thermal history of the alloy. It would probably be necessary to carry out TEM analyses but this was not performed yet, as not being the main objective of this chapter. But at this point, it can not be excluded that there could be common phases between spherulites and master alloy.
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• How is the master alloy organized?

The sample are then observed under optical microscopy, the pictures are presented below in Fig. 4.2. The optical microscopy images in Fig. 4.2 show a complex microstructure with large laths. At higher magnification (B), five different color shades are visible in optical microscopy (OM). This difference in color under OM suggests that they may be 5 crystallographically and chemically distinct phases. The orientation of the laths in the master alloy appears to be directly related to the configuration of the arc furnace chamber. As illustrated in Fig. 4.3, the top zone (with respect to the electric arc) of the master alloy during melting is the one that reaches the highest temperature but cools down the slowest as it is the furthest from the water-cooled copper plate. Conversely, the bottom zone is further away from the arc and reaches slightly lower temperatures while being in contact with the cooled Copper plate and therefore cools down faster. This schematic view explains why on the bottom side of the master alloy the microstructure is finer (less time for grain growth). • Do all of these phases have the same corrosion resistance?

The Ti 40 Cu 36 Zr 10 Pd 14 BMG has relatively weak corrosion resistance, the master alloy provides us with different phases and chemistries of the TiCuZrPd system. It was wondered out of curiosity if some of the master alloy's phases are more sensitive to corrosion than others. Some classical electrochemical tests with a 3-electrodes set-up in a 0.9% NaCl solution (pH=7) at 37°C (as described in details in the Materials and Methods Chapter) are performed to see if it is possible to make a link with their chemical compositions. The The master alloy curves are much less stable than the Ti 40 Cu 36 Zr 10 Pd 14 BMG and TA6V curves, it seems that many small events occurred throughout the 6h of immersion. Excepted the presence of these small fluctuations, the OCP of the master alloy reaches quickly a stable value compared to the other systems showing an asymptotic increase. The stable potential of the amorphous is around 0.13V while that of the master alloy is a little lower (≈ -0.05V). In Fig. 4.5B shows the corresponding potentiodynamic curves from -0.5 to 1V. The corrosion potentials (E corr ) appear to be close between the master alloys and the BMG of the same composition, however, once the anodic part of the curve is reached, the BMG exhibits a passivation plateau until 0.3V whereas for the master alloy the current density increases immediately and sharply which corresponds to dissolution phenomenon (between 0 and 0.1V). TA6V, on the other hand, is an exceptional passive material and does not suffer from pitting corrosion or dissolution in these experimental conditions. From these curves, it appears that the amorphous state alloy exhibits a slightly higher corrosion resistance compared to the master alloy but both are sensitive to pitting and dissolution, respectively. This trend is probably observed because amorphous material is theoretically composed of one solid solution (no secondary phases), or much more chemically homogeneous and does not have crystalline defects that are preferential pitting sites. Fig. 4.7A shows that the surface of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy is very heavily degraded during the test and that almost the entire surface is impacted except for small areas circled in orange. Image B is an enlargement of one of these areas which was spared during the test, the surface is still polished and the morphology of the master alloy described in Fig. 4.2 and Fig. 4.4 can still be seen. It is likely that if the test had been carried out for longer duration or at higher anodic potential then the entire surface would have been attacked. One explanation can be that statistically there are some kind of islands (containing phases 3, 4 and 5) which prevent the pitting to spread horizontally but not in depth. Another possibility would be a preferential crystallographic orientation which influences the corrosion sensitivity. Those previous coarse tests did not allow to know whether phases of the master alloy are more sensitive than others (given the present range of chemical compositions). To determine where are the starting points a cyclic polarization test is carried out in the same experimental condition. The test simply consists of lowering the potential once the current density threshold value has been reached (in this case 1mA/cm 2 was chosen) to identify the pitting nucleation site(s) and the associated phase(s). In picture B, it can be seen that the corrosion only occurred in certain specific areas so the current density threshold value has been well chosen. In an attempt to determine the phase at the origin of the anodic dissolution, an altered area is targeted and is found in SEM imaging before and after cyclic polarization. In picture D, it is clear that the surface of the sample has been strongly and specifically attacked during the test. It can also be seen that it is not the phases with lath morphology (phases 1 and 2) that are affected, but the entire space between several large laths (phases 3, 4 and 5).
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At higher magnification of the interface between an attacked and non-attacked area as shown in Fig. 4.10A, EDXS measurements is made to identify which phases were present or missing in this area. As suspected from the images in Fig. 4.9, phases 1 and 2 are found as large laths around the altered area (B). In a non-attacked area (D), the five phases of the master alloy are still easily identified by their chemical signature, while inside the etched area (C), phases 1, 2 and 4 are present as well as residues of phase 3, but no trace of phase 5 can be found. Phases 5 and 3, which contain the smallest amount of Ti (see Tab. 4.2) and the higher Cu and Pd contents, seem to be the most sensitive to dissolution while phases 1, 2 and 4, which are the most Ti-rich, seem to be more resistant. It is possible that galvanic coupling occurs between the most and the lowest noble phases. Furthermore, according to the results presented in Fig. 4.8, Fig. 4.9 and Fig. 4.10, phases 1, 2 and 4, which are the richest in Ti and Zr, are assumed to passivate and to be the less sensitive to corrosion and that phases 3 and 5 are the most sensitive. The latter two phases are the poorer in Ti and relatively Cu-rich. It is highly probable that dissolution will occur in phase 5 first, which is the only one with a Ti + Zr (at.%) ratio of less than 50 at.%. Furthermore, Pourbaix diagrams where generated for the experimental conditions used here (available in appendix Fig. 4.18), it is known that in the potential range of -0.5 to 1 V for a pH = 7 (NaCl solution used for the tests) Cu and Pd will preferentially form soluble complexes with Cl -ions rather than form oxides which would play a protective role against corrosion. Titanium and Zirconium are not at all sensitive to the presence of Cl -in this potential range and form oxides which constitute a passive protective film. The phases richest in Pd and Cu are the most sensitive to dissolution as they form soluble chlorides complex and consequently they will act as anodic site. Conversely, the phases richest in Titanium and Zirconium dissolve less easily in the test conditions and play the role of cathodic site in the corrosion galvanic process. It is observed in Fig. 4.6C that in the NaCl solution after the test there is a green precipitate which is not identified yet. This precipitate could be put back in solution in HCl for ICP (inductively coupled plasma) measurements which can provide further quantitative evidence of which atomic species is sensitive to chlorides complex or precipitate formation. In the work of Gostin et al. [GOS 18] they study the corrosion products formed in saline solution in artificial Chapter 4 -Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade pits of the Ti 40 Cu 34 Zr 10 Pd 14 Sn 2 which are really close to the composition studied here. They find out that the mains species released were Pd nanoparticles, and PdCl 2 and CuCl while few amounts of free cationic form of Zr and Ti was detected. It is highly probable to find those species in green precipitate obtained in this study especially since PdCl 2 is not soluble in water.

Key point of part 1:

• The Ti 40 Cu 36 Zr 10 Pd 14 master alloy has a multiphase microstructure, five of which have been identified by their chemical signature in SEM-EDXS. 

Casting attempts of three new grades of the system TiCuZrPd

As mentioned in introduction, even after numerous attempts to get rid of the spherulites in suction casting no prospects for improvement could be identified (Chapter 3 of the manuscript), leaving little hope for the use of Ti 40 Cu 36 Zr 10 Pd 14 grade in the manufacture of dental implants. To overcome the problem of nucleation when increasing the GFA of certain alloys, the BMG community relies heavily on the use of additive elements. However, it is acknowledged that in the case of Ti 40 Cu 36 Zr 10 Pd 14 grade, if there is a reduction or even an absence of spherulites, it will be at the expense of the mechanical properties and probably not significantly improves corrosion resistance (see Tab. 4.1). In the case of Ti 40 Cu 36 Zr 10 Pd 14 grade, it is probably the high content of Cu and Pd that makes it tends to dissolve in saline solution. In this part we choose another approach: to stay in the TiCuZrPd system without adding any others element. Considering the electochemical results of part 1, it is believed that in order to have a Ti-based metallic glass that is biocompatible and has a better corrosion resistance than Ti 40 Cu 36 Zr 10 Pd 14 , it would be necessary to target compositions richer in Ti and Zr. The chemical compositions of phases 1 and 2 identified in the Ti 40 Cu 36 Zr 10 Pd 14 master alloy are chosen because there are the most corrosion resistant phases and the phase 5 with the most corrosion-sensitive chemistry as a counter example to perform casting tests. The targeted compositions are summarized in Tab. 4.3. It is believed that the three chemical compositions could maybe be casted in bulk amorphous state because respecting at least two of the three principles stated by Inoue [INO 00], i.e.:

• three or more different atomic species (the more, the better) 146
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• large atomic radius mismatch between species (at least 12%)

• mixing enthalpies between species as negative as possible (this one has not been calculated) The casting attempts were performed with the suction casting routine protocol without specific parameters but with a rods Copper mold ranging from 1 to 6mm in diameter. To demonstrate the crystalline state of every composition processed by suction casting and eventually to identify the common phases in these new compositions, a XRD analysis is carried out, the results are shown in Fig. 4.12. All three compositions show fine and intense peaks which reflects definitely their crystalline state, however a small broad halo around 15°could correspond to the presence of a small fraction of still amorphous matter in the rods. All three compositions present several phases which is consistent with the SEM -BSE pictures in Fig. 4.11. The identification of these phases would require much more work for a system such as complex as TiCuZrPd. However, it can be noticed a certain similarity between the diffractogram of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy (black curve) and the one of the Ti 51 Cu 38 Zr 3 Pd 8 rod (2) (yellow curve). 148 2022 -Laurabelle Gautier -MATEIS laboratory • Are those compositions really bad suitors to make metallic glass?

Currently, absolutely all the grades of the TiCuZrPd quaternary system present in the literature respect a ratio of (Ti+Zr) 50 (Cu+Pd) 50 . Most of these grades have been studied by Zhu and Al [ZHU 07b] with a summary diagram of every tested composition and critical amorphous diameter produced of 6mm (available in the appendix Fig. 4.17). None of the three compositions above respect this trend (see Tab. 4.3), is that why they are crystallized? If we follow this principle, composition 2 has the best chance to be obtained in amorphous state. Moreover, the mixing enthalpies of palladium are negative with the three other elements: -14kJ/mol for Cu, -65kJ/mol for Ti and -91 kJ/mol for Zr. And Zr has the largest atomic radius (0.160nm) and the most different to the others atomic radii (14% with Pd and 20% with Cu), so should we respect the (Ti+Zr)= 50 at.% while replacing Ti with Zr to increase the GFA? Moreover, given the deleterious influence of Cu and Pd on the corrosion resistance, we are still very tempted to change the ratio (Ti+Zr) 50 (CuPd) 50 as for compositions 1 and 2 (see Tab. 4.3). In order to make a rough estimation of the mechanical properties of these compositions without the need for a lot of material or specimens, Vickers hardness measurements are carried out, the results are gathered in Tab. 4.4.

Table 4.4 -Summary of the mean and standard deviation of Vickers hardness values for each of the three chemical compositions tested in casting. For the last composition other measurements at 1kgF have been made in order to average the hardness of the sample in particular, given to its microstructure. 5) is really high for a titanium alloy or even Cu based alloy. For further evaluation, additional measurements with a load of 1kgF were made on the composition (5), which exhibit mean value of 525 HV with a relatively large standard deviation of 51 HV (probably due to the presence of porosities see picture A in Fig. It gives a σ y about 1.5 GPa, which is very high for a Titanium alloy (much higher than that of TA6V). However, in order to better characterize the mechanical properties of this composition, it will be necessary to improve the manufacturing process in order to remove 2022 -Laurabelle Gautier -MATEIS laboratory Chapter 4 -Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade porosities and cracks without modifying the microstructure of the alloy too much. The microstructure of the alloy is found to be multiphased, with at least two distinct phases. One is needles oriented in all directions and the second is an interstitial phase filling the space between these needles. It is likely that these defects (porosities and cracks) in the material are due to excessive cooling rate during casting, insufficient to maintain the structure of a metastable liquid (amorphous state) but high enough to cause contraction of the material during crystallization shrinkage phenomenon (see Fig. 4.14A). To eliminate these defects, there is several ways:

Hardness Vickers

• Perform a DSC analysis to find out the melting and crystallization temperatures of the alloy and to choose the temperature and duration to perform a HIP (Hot Isostatic Pressing) treatment, this treatment commonly used in additive manufacturing to eliminate porosities [DUP 20].

• Find a way to cool the material a little bit slower to avoid the appearance of these defects.

The final application of these different alloys remains to obtain a biomaterial that can be used for dental implant manufacturing. In this context, the electrochemical properties of the materials are of great interest. To evaluate the corrosion resistance of the Ti 26 Cu 43 Zr 15 Pd 16 composition, tests were carried out in a 0.9% NaCl solution at 37°C (Fig. 4.13 and Fig. and after (B) the corrosion test in 0.9% NaCl. It can be seen that in the initial state in a 5mm diameter rod there are large porosities or even cracks which are undoubtedly related to the manufacturing process (shrinkage porosity, see Appendix A.5). After the test, the surface does not appear to be significantly damaged (if we exclude the black corrosion products in the photo). In picture C, after the test, the needles stand out particularly well, as if the test had the same effect as a chemical etching on one of the two phases present in this alloy. On picture D, it is easy to see that it is the phase between the needles that was preferentially dissolved during the test. To better understand why one of the two phases dissolved preferentially, EDXS-SEM analysis is carried out and the results master alloy, it is the phase containing the most Cu and Pd that is the most prone to form chlorides complexes and therefore to dissolve. In this case, it is assumed that the same mechanism occurred. The Ti 26 Cu 43 Zr 15 Pd 16 alloy can be considered as a "composite" material with two phases with different chemistries. One phase rich in Ti and Zr (the needles) tends to passivate and is less sensitive to corrosion whereas the second phase (interstitial phase) is rich in Cu and Pd is much more sensitive (see Pourbaix diagrams 
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Key point of part 2:

• By remaining in the same quaternary system (TiCuZrPd) with general respects of Inoue's laws and by changing the atomic distributions, it is not trivial to succeed in making bulk amorphous rods.

• Among the compositions studied here, the composition: Ti 26 Cu 43 Zr 15 Pd 16 has a very high hardness up to 525 HV even under crystallized state but as anticipated a poor corrosion resistance. This grade should be further investigated to assess its mechanical properties and its ability to be produced in amorphous state.

• An estimation of the enthalpy should be made to better understand if those composition are favorable for making BMG to justify further attempt of casting under different parameters.

Conclusion

In this last chapter of the manuscript, an exploratory approach has been adopted to propose some perspectives for the future work to be carried out on Ti-based metallic glasses. The main trends highlighted in this chapter are:

• The spherulites are probably not stable structure and the study of the master alloy can't confirm the findings of the Chapter 2 because of the lack of similarity between spherulite and master alloy.

• We are now sure that the high Cu and Pd content of the basic composition is responsible of its limited corrosion resistance. 2022 -Laurabelle Gautier -MATEIS laboratory 155

Conclusion and Perspectives Conclusion

In this manuscript, the work was carried out on the BMG Ti 40 Cu 36 Zr 10 Pd 14 grade. This grade appeared in the literature for the first time in 2007 by Zhu et al and soon described as very promising as a biomaterial in numerous published works. Most of these articles describe this material as particularly well suited for biomedical implants. It is true that Ti 40 Cu 36 Zr 10 Pd 14 BMG has astonishing mechanical properties and it has been proved to be biocompatible. Despite all these promising studies, neither Ti 40 Cu 36 Zr 10 Pd 14 BMG nor any other BMG grade have been marketed as a biomaterials to date. Two PhD works (including this one) carried out at MATEIS laboratory, were thus devoted to the potential use of this material as dental implants. In her manuscript, Aléthea Liens already highlighted the two main obstacles concerning the Ti 40 Cu 36 Zr 10 Pd 14 BMG:

• The presence of un-identified crystalline casting defects (spherulites), likely involved in the premature failure of the samples in tension and fatigue (seen for the first time on the fracture surfaces),

• The moderate corrosion resistance of the alloy compared to most of the BMGs, with potential involvement of those spherulites but also the presence of Copper.

The first chapter of the manuscript was focused on a general description of the spherulites and their role on mechanical and corrosion properties. It was found that the spherulites are not easy to observe and often go unnoticed. The spherulites are large and randomly distributed on the rods. They have specific microstructures, with needles in the core and a polycrystalline shell at the interface with the amorphous matrix. The spherulites were proved to have significant impact on failure under mode I solicitation. Their diameter is greater than the calculated plastic zone (d y ), which induces premature brittle fracture in tension or fatigue following ISO 14801 standard. The corrosion resistance of the alloy was also investigated. It showed moderate resistance to corrosion in saline solution, even if spherulites were not the pitting starting points.

The second chapter focused in detail on the spherulites microstructure. The main goal was to describe, identify the phases present and propose a nucleation-growth scenario dur-

-Laurabelle Gautier -MATEIS laboratory

Conclusion and Perspectives

ing cooling from the melt state. It was determined that the Cu 3 Ti 2 phase appears first in primary needles, then surrounded by CuTi tetragonal secondary needles. Later, the CuTi B2 appears and gives the round shape to the spherulite. More details in spherulite's microstructure were observed in the TEM observations. Observations of spherulites at different stages of their organization (early, intermediate and mature) allowed us to propose a detailed and robust growth scenario of spherulites in the BMG Ti 40 Cu 36 Zr 10 Pd 14 , which was never described before in the literature. This study concluded that it is the Cu 3 Ti 2 phase that nucleates first in the liquid state metal and that it is probably the nucleus number that determines the final shape of the spherulite.

In the third chapter, various assumptions concerning the arc melting suction casting process were tested. Indeed, the copper mold diameter has a direct influence on the cooling rate and therefore a direct influence on the number and size of the spherulites. Then, it was believed that the heating steps of BMG preparation could have an influence on spherulites. This assumption was tested by varying the arc intensity between 200, 300 and 400 A and then by casting rods that had been melts/turn 6 or 14 times before casting. Neither the arc intensity nor the number of melts/turns had a significant factor in changing the distribution of spherulites in number and size or mechanical properties tested in 4-point bending. The bending strength values were in all cases very dispersed, with mostly brittle failure at a maximal stress dependent on the largest spherulite and its position. A chemical analysis of the surface (TOF-SIMS) revealed a contrast with hydrogen: there is more hydrogen in spherulite core and in the amorphous matrix than in the spherulite's periphery. Spherulites appears to be bigger and more numerous with H 2 addition in the chamber during casting. The rods were then tested by compressive tests. The results very poorly reproducible again (from brittle to ductile), so it is assumed that hydrogen facilitates the appearance of spherulites or promote their growth and that it is therefore preferable to avoid it. Final part of chapter 3 concludes that spherulite structure seems to be quite stable, because heat treatments even at 600°C do not change their size/structure. The fourth and last chapter is more exploratory: it presents the study of the master alloy, which revealed complex microstructure with at least five phases which all have different chemical compositions. The phases of the master alloy and the spherulites appear to be different according the DRX and EDXS analyses. Among master alloy phases, two phases were found to be more resistant to corrosion than the others and one was found to be really sensitive to dissolution. It was concluded that it is the amount of Cu and Pd that influences the corrosion resistance because Cu and Pd atoms are able to form chloride complexes at pH tested. So, the more the alloy contains Cu and Pd, the more it is sensitive to corrosion. The three previous compositions were cast and were found to be fully crystalline, their GFA likely lower that the initial composition. However, one composition Ti 26 Cu 43 Zr 15 Pd 16 , with a particularly high hardness could be worth of deeper In conclusion, a lot of efforts and resources have been put into identifying and describing precisely the casting defects of BMG Ti 40 Cu 36 Zr 10 Pd 14 . We are now certain of their deleterious influence on the mechanical properties of the alloy. Despite several different approaches, we were not able to produce BMGs without any spherulite. Furthermore, the corrosion resistance of the BMG remains a problem in view of the intended application. It seems that the amount of Cu and Pd is too high to have a good corrosion resistance, even without spherulite. For us, this dampens profoundly the potential of the BMG Ti 40 Cu 36 Zr 10 Pd 14 as a biomaterial. The mastering of its manufacturing process remains a source of uncertainty regarding the quality of the rods produced. The metallic glass community rarely mentions these drawbacks, which need to be further studied in order to better address the problems encountered to finally end up with a marketed product.

What is the future for metallic glasses in the biomedical industry?

Perspectives Relation between manufacturing process and microstructure

Other suction casting parameters which have not been tested yet still have chance to change the spherulite/free volume quantity. For example, removing the cooling circuit of the copper mold and favoring a spontaneous pouring of the alloy rather than suction could be interesting. Indeed, it is likely that during suction, a flow of liquid metal surrounded by Argon gas would be drawn into the copper mold. The interface with the mold would therefore not be BMG/Copper but rather BMG/Argon/Copper, which would be detrimental to good heat conduction (and therefore to very fast cooling of the alloy). In addition, it seems that fluid mechanics is a key element in understanding the casting parameters. We should probably take a deeper look along that line to find answers. It is possible that the atomic movement due to suction can have influence on the Cu 3 Ti 2 phase nucleation. Currently, we do not know what cooling rates are actually achieved in the laboratory arc melter. It would be interesting to make thermal calculations on the copper mold used in this work (⊘3 and ⊘5mm) to have supplementary elements to explain spherulite evolution according to the cooling rate. Thanks to the information gathered in chapter 2, a synchrotron proposal has been drafted and submitted to ESRF. A feasibility test (see Appendix B) proved that the use of Phase Contrast Tomography (PCT) coupled with Diffraction Contrast tomography (DCT) allows to observe clearly the spherulites and their distribution, in 3D and in a non-destructive manner. These analyses could provide more quantitative evidences that the size of the spherulites depends on the cooling rate, which is related to the size of the mold. In-situ mechanical tests in traction and compression should also provide information on the crack 2022 -Laurabelle Gautier -MATEIS laboratory
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propagation regime as a function of the solicitation mode. Finally, it worth trying completely amorphous parts (even more than 5 mm pieces) by atomizing the master alloy of the Ti 40 Cu 36 Zr 10 Pd 14 grade followed by Spark Plasma Sintering (SPS), so that mechanical and electrochemical tests can be carried out again without being hampered by spherulites and thus confirming the previous results.

Relation between microstructure and mechanical properties

It would be interesting to establish a TTT diagram of the Ti 40 Cu 36 Zr 10 Pd 14 alloy using isothermal heat treatment using DSC to determine the position of the crystallization and relaxation noses to know if we are in the case of a type I or type II BMG (see introduction,[KUM 13])[ KET 18]). The DSC can also be used to study the free volume according to casting parameters. To better estimate the importance of the size and distribution of spherulites and their role in the failure mechanisms (in tension and compression for example), and because the synchrotron is not a very available facility, it would be interesting to develop a finite element model of an amorphous matrix containing crystalline spherulites, their mechanical properties being both known. It would be possible to simulate variation of the position and size of spherulites. Thus, it would be possible to confirm the critical diameter of the spherulites that should not be exceeded according to the solicitation mode.

Combinatorial metallurgy

Since we are likely to be in the case of an HEA in the quaternary TiCuZrPd, some compositions could have interesting mechanical properties even in their crystalline form (as illustrated in chapter 4). The question arises what is the "best" composition according to mechanical properties. To do this, based on the principle of combinatorial metallurgy, four alloys could be prepared (each of which could be particularly enriched in one of the 4 elements of the system). Then thermal treatments would be applied to the SPS to start diffusion of the elements. Finally, nano-indentation mapping could be done to identify the alloys with the best mechanical properties. Similarly, electrochemical tests on the same type of samples could highlight the most corrosion-resistant chemical compositions. The intersection of these two types of screening would make it possible to highlight the most promising alloy compositions as biomaterials in the TiCuZrPd system. Among the three new compositions studied in Chapter 4, it would appear that composition Ti 26 Cu 43 Zr 15 Pd 16 has a particularly high hardness (so likely high yield strength) even in crystalline state. In the future, we should find a way to produce rods without porosities to allow a robust evaluation of its mechanical properties. It would also be interesting to perform tomography to better estimate and understand the presence of those porosities and cracks in the "as cast" samples (see Appendix A.5). The use of a HIP treatment is a possible way to get rid of defects with time and temperature based on a previous DSC 

Modelling of spherulite nucleation in a BMG

The palladium present in the alloy is suspected to be the origin of the Cu 3 Ti 2 phase nucleation. This assumption is particularly difficult to investigate experimentally but some molecular dynamics simulations could help us to better understand the nucleation phenomenon. Similarly, to go further, hydrogen could be introduced into the model to better understand its involvement in BMG crystallization. To do so, the first step will be to do some ab initio modelling in the initial BMG composition to find the binding energies between the atoms of the system. The next step will be to perform molecular dynamic simulation to access the phases enthalpies of the system and simulate the Cu 3 Ti 2 phase nucleation. Finally, the ultimate goal would be to perform simulation on various chemical composition of the TiCuZrPd system to find the best GFA to avoid spherulite (and maybe have a better corrosion resistance).

Corrosion resistance

Pitting that occurs on the BMG Ti 40 Cu 36 Zr 10 Pd 14 appears at very high potentials that are only slightly representative of what can happen in a patient's mouth. Several solutions can be imagined to overcome its sensitivity to dissolution of the alloy, such as the use of a coating that would cover all the parts to prevent pitting (some tests with DLC coatings have been performed already). Another approach could be to reinforce the surface oxide layer of the alloy to better protect it. Anodization or even Micro-Arc Oxidation (MAO, anodization at higher currents), which allow the surface oxide layer to grow, may allow in theory to have a denser and thicker layer of titanium and zirconium oxides to prevent pitting. In addition, MAO can provide controlled and reproducible surface states/morphologies, which is of particular interest for an application such as dental implants.

What is the future for metallic glasses in the biomedical industry?

Even though the Ti 40 Cu 36 Zr 10 Pd 14 grade is probably not ultimately suitable for dental implants manufacturing, bulk metallic glasses in general remain materials with fascinating properties. It cannot be excluded that other grades (whether already known or not yet) could someday be used as dental implants. This category of materials is very young in the history of metallurgy, with more unanswered questions than for conventional metals. For example, what about the ageing of BMGs? At this point, we have no idea how the structure of an amorphous metal evolves over the long term, especially in an environment as complex as the human body. Despite their potential, the lack of global control of the manufacturing process(es) represents a major obstacle for industrial applications and particularly in the medical field. It is possible that if substantial investment in research 2022 -Laurabelle Gautier -MATEIS laboratory
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and development is put forward, then answers to most of the questions could be found and the problems we are currently facing could be solved in the future. Nevertheless, metallic glasses contain mostly noble and precious elements which are expensive and in limited quantities in the environment. It seems highly unlikely that even the hypothetical best performing BMG implants will ever completely replace TA6V implants. These products will be destined for a limited (niche) market in the dental sector, given the manufacturing costs of such implants. However, metallic glasses could become more widely available for other engineering applications.

The quaternary TiCuZrPd system and High Entropy Alloys (HEA)

Metallic glasses share some similarities with High Entropy Alloys (HEA). They are both recent categories of materials that have seen increasing interest over the last two decades. Indeed, HEA are composed of several atomic species (in theory minimum five) in equimolar or almost equimolar concentration (between 5 and 35 at.%). The principle of HEAs is that they do not form intermetallics, but on the contrary they organize themselves into a stable solid solution. Unlike amorphous metallic glasses, they are crystalline and organized in a single phase (sometimes with additional secondary phases) with a simple organization (CC or CFC). The promises of high entropy alloys would lie in their mechanical properties, with a combination of high yield strength and hardness together with high plastic strain and toughness. They are also promising in terms of thermal stability. The TiCuZrPd system investigated in this work, despite being 'only' quaternary, could match HEA compositions. In Chapter 4, several compositions of this quaternary system were tested and it was observed that Ti 26 Cu 43 Zr 15 Pd 16 had a particularly high hardness and a two-phase microstructure that could probably be modified by heat treatments or other processing methods. A simple calculation of configurational entropy for the compositions mentioned in the manuscript gives, by using the following formula:

∆S mix = N i=1 c i ln(c i )
N is the number of element, c i atomic fraction of element i. R is the universal gas constant (R = 8.314). ∆S mix for the four composition studied are gathered in Tab. 4.5. 

A.2 Unmelted Palladium granules

Another type of defect was observed thanks to X-rays tomography.Some massive granules could be observed in some rods, as illustrated in The large granule appears in white (heavy element) and is surrounded by a poly-2022 -Laurabelle Gautier -MATEIS laboratory 167 Appendix A -Use of X-ray tomography to detect defects in metallic glass rods crystalline interface . Some spherulites can also be observedin the middle of the amorphous matrix.

The EDXS measurements confirmed that the granules are made of Palladium. The interface between granule and amorphous matrix has the exact same morphology than the copper mold interface crystallization. Some EDXS measurements were performed at the interface as illustrated in These results confirm that the alloy crystallizes preferentially at interfaces (heterogeneous nucleation). In A, this is the surface of a "perfect" rod after casting, really shiny and smooth. On the contrary, in B, a surface irregularity can be seen. We don't really know if this is a fluid mechanics problem that prevents the liquid metal from coming into direct contact with the copper mold (a problem of wettability) or if it is an area where the argon to form a pocket during casting. 

A.4 Crystallization at the interface with the mold

In Fig. A.9, the crystallization at the periphery of the rod (at the interface with the mold) is particularly clear. The crystallization has a morphology identical to that of spherulites. It is not in sphere shape but in the shape of a crown all around the rod, since it is obviously the interface that favors the crystallization of the alloy. In this case also, one has the impression of primary and secondary needles and a globular phase that grows afterwards (chapter 2). The phenomenon is more or less accentuated depending on the diameter of the mold used and the use of hydrogen (Chapter 3). These observations suggest that some tests should be carried out without using suction and to see whether or not the surface condition of the as cast rods is better or not (smooth and therefore free of crystals). The contrast in PCT is not important enough to see well the spherulite. On the contrary, the DCT reconstruction using CuTi B2 crystal lattice seems to work very well to see the spherulite in 3D. These good results allowed us to apply to ESRF for beam time, the details of which are presented in Appendix B. Proposal Summary (should state the aims and scientific basis of the proposal) :

The BMG Ti40Cu36Zr10Pd14 grade has already been demonstrated as a material with very high potential for biomedical applications [START_REF] Liens | On the potential of Bulk Metallic Glasses for dental implantology: Case study on Ti 40 Zr 10 Cu 36 Pd 14[END_REF], [START_REF] Liens | Effect of alloying elements on the microstructure and corrosion behavior of TiZr-based bulk metallic glasses[END_REF] (mainly the manufacturing of dental implants). However, recently the presence of crystalline defects (called 'spherulite') has been observed in this alloy and it now appears essential to know the actual 3D distribution of spherulites in the manufactured parts. Indeed, we believe there is a critical spherulite diameter beyond which the parts break prematurely with a fully brittle behavior. It is assumed that the control of their size and distribution in massive parts can improve the mechanical strength and plastic behavior before failure [START_REF] Gautier | Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of TiCuZrPd metallic glasses[END_REF]. So first the aim of the study is to check the 3D distribution of the spherulite in PCT (phase contrast tomography) and the phases repartition inside one spherulite thanks to the nanoscope device in different samples (casted with different parameters). Some thermic treatment are also planned to study the influence of temperature on the size and some change of phase of these defects [START_REF] Sypien | Effect of Pd, temperature and time on wetting and interfacial microstructure of bulk metallic glasses TiCuZrPd on Ti-6Al-4V substrate[END_REF]. This proposal is finally aimed to study the effect of the stress on the spherulite microstructure and deformation mode [START_REF] Bernard | Crystalline defects in bulk metallic glasses: consequences on fracture toughness determination and ductility[END_REF]. Mechanical tests in compression should allow us to determine whether stress can induce changes in the microstructure of these defects and determine whether the spherulites deform and slow down the propagation of cracks or whether the cracks pass through them and cause brittle behavior. These experiments should give us elements to rule on the influence of spherulites on mechanical strength: are they deleterious or advantageous? And they should give us clues as to the cooling rates to be reached or the heat treatment to control their size/distribution. This study is intended to overcome the technical barriers to the development of this grade for the manufacture of implants on an industrial scale.

Scientific background :

A mini cylinder (800 µm diameter) of the alloy studied here has already been characterized at ID11 to test the feasibility of the experiments described in this form. Both, DCT and PCT have been used to visualize for the first time -and in 3D -the spherulites and their distribution in a bulk specimen.

Thanks to previous works, we were able to study spherulites in particular through their complex microstructure and their influence on mechanical properties and corrosion resistance. A recent laboratory study, including TEM/SEM/EDS/EBSD allowed us to identify several phases, their organization and even to propose a growth scenario, recently confirmed by ASTAR TEM experiments done in SIMAP Laboratory [START_REF] Rauch | Automated crystal orientation and phase mapping in TEM[END_REF]. This information will be valuable input for the 3D reconstruction of the complex, multiphase microstructure of spherulites using the scanning-3DXRD approach. It appears that the crystallisation in this alloy has similarities with CuZr based alloys [START_REF] Pauly | Microstructural heterogeneities governing the deformation of Cu47.5Zr47.5Al5 bulk metallic glass composites[END_REF]. We wish to know the size and distribution of spherulites in solid parts in order to know the influence of the manufacturing process parameters on the final state of the parts produced. This information is essential for the potential industrial application of dental implant manufacturing which depends directly on it. Similarly, mechanical tests and the study of crack propagation in this BMG composite could make it very competitive and innovative in the dental sector. The interest of choosing this material for the manufacture of dental implants is their miniaturization and the reduction of damage to the implantation site in patients (reduction of pain, healing time and complications) and the minimization of the phenomenon of stress shielding. Experimental technique(s), required set-up(s), measurement strategy, sample details (quantity...etc) :

1. PCT characterization of the 3D repartition and volume fraction of spherulites in samples made from different rods: a 3mm rod made under pure Ar, a 5mm rod made under pure Ar and a 3mm rod made under hydrogenated Ar. The aim of this part of the study is to improve the manufacturing process.

2.

In situ observation of one sample (alternating PCT and 3DXRD scans) at increasing temperatures (from 20 to 700°C with a slow ramp of about 1 °C per minute) to observe the growth of spherulites (PCT) and to study the order of appearance of the phases during the casting process (3DXRD). Moreover, this test will provide information on the temperature of crystallisation and the theoretical cooling rates to reach to avoid them.

3. Interrupted compression tests on specimens with dimensions representative of the dental implants and with different spherulite content in order to prove the influence of spherulites on the stress/strain field and to observe the possible occurrence of martensitic phase transformation (3DXRD). 4. 3D crystallite shapes and phase identification in individual spherulites using the scanning-3DXRD technique (150 nm beam) on the nanoscope endstation.

Beamline(s) and beam time requested with justification :

ID11 is the only beamline offering the required combination of X-ray phase and X-ray diffraction contrast tomography and scanning-3DXRD characterization.

Preliminary tests (DCT & PCT) have already been successfully conducted (Fig 1). We estimate the time needed to perform the proposed experimental program to be: 1 day for the ex-situ and in-situ PCT observations at increasing temperature. 2 days for the in-situ compression tests (using a tomographic stress rig provided by INSA Lyon). 2 days for the high-resolution measurements by s-3DXRD on the nanoscope endstation.

Results expected and their significance in the respective field of research : Quantification of spherulite volume fraction as function of the processing route (5mm versus 3mm rods, forming gas). For the temperature tests, we think we can determine the growth rate as a function of temperature and deduce the theoretical cooling speed necessary to avoid/reduce their formation. The mechanical tests should allow us to test the hypothesis that if the spherulites are sufficiently small, numerous and randomly distributed, then the parts could undergo some plastic deformation before breaking. The results obtained should allow us to ensure the possibility of industrialisation of this alloy.

Figure 1 -

 1 Figure 1 -Illustration of an implant/abutment/crown assembly, these are the four parts of a dental restoration.

Figure 2 -

 2 Figure 2 -Schematic representation of the main causes of implant failure. Reproduced from [GEP 13].

Figure 3 -

 3 Figure 3 -Illustration of the loads (red arrows) experienced by a dental implant in a human jaw. Reproduced from : [CRU 11].

Figure 4 -

 4 Figure 4 -X-rays of a knee on which a total knee prosthesis has been placed. Radiography A was taken immediately after the prosthesis was placed. Radiography B was taken 2 years after the prosthesis was placed and shows significant bone loss, especially in the tibial area, due to stress shielding effect. Taken from [MAR 17].

Figure 8 - 2 IC πσ 2 y.

 822 Figure 8 -Ashby plot showing Fracture toughness KIC (MPa √ m) vs σy the Yield strength (MPa) of the most common materials used today in technical applications. Diagonal lines show the plastic-zone sizes K 2 IC πσ 2 y . The materials which have the best couple of toughness and Yield strength are the steels, Ni alloys and Ti alloys for the metals. The other material types with a good combination of toughness and Yield are the engineering ceramics. Extract form [DEM 11].

Figure 10 -

 10 Figure 10 -Schematic illustration of (a) phase transformation toughening, which lead to compression around the crack and hinders crack extension and (b) ageing [HAS 14]. In (b): Nucleation on a particular grain at the surface, leading to micro-cracking and stresses to the neighbors (top); growth of the transformed zone, leading to extensive micro-cracking and surface roughening (bottom). Red path represents the penetration of water due to micro-cracking around the transformed grains. Extract and reproduce from [PAL 14].
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 18 Figure 11 -Classification table of the different types of dental implants according to dimensions (diameter and height).

Figure 12 -

 12 Figure 12 -SEM photographs of several dental implant surfaces that have been treated with different surface modification processes such as: machined, acid etching, sandblasting, anodization, plasma spaying and laser treatment. The treatments corresponding to the surface state is directly mentioned above the relevant pictures. The pictures were taken from [JAR 08] and [LEG 07].

Figure 13 -

 13 Figure 13 -Diagram illustrating the different properties of a substrate that can influence the behavior of cells brought into contact with it. The main properties shown here are: the substratum stiffness, the cell scale and nanoscale topography. External forces and microfluidic channels can also be used to influence cell's behavior. Illustration extracted from : [ANS 18].
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  2022 -Laurabelle Gautier -MATEIS laboratory 23 General introduction/context/state of the art nose (B) or change the chemical composition of the alloy to shift the crystallization nose to the right (C).

Figure 15 -

 15 Figure 15 -Schematic illustrations of TTT diagrams (time-temperature-transformation) of two different strategies to obtain an amorphous metal compared to a crystalline metal. In A, TTT diagram of a conventional crystallized metal with short-and long-range atomic organization. In B, TTT diagram of an amorphous metal, which is cooled fast enough to avoid atomic organization in short and long range. In C, TTT diagram of an amorphous metal of which the composition has been changed to shift the crystallization nose to the right (it takes much more time for atoms to organize into a crystal lattice) to cool down fast enough to avoid atomic organization.

  Inoue and his team were pioneers in the elaboration of bulk metallic glasses [INO 01][INO 95][INO 08][INO 00]. They defined three empirical laws to produce an amorphous solid. These three rules are summarized below [INO 00]:

26 2022 -Figure 17 -

 202217 Figure 17 -Schematic illustration of Physical Vapor Deposition (PVD) principle. In a controlled atmosphere chamber, a plasma extracts atoms from one or more targets, which will then deposit on a substrate. This technique allows to produce very thin coatings (hundreds of nanometers) with well-controlled target compositions. The cooling rate of this method is very high, which makes it possible to have thin amorphous coatings but neither bulks nor ribbons. Illustration taken from [BAP 18].

32 2022 -

 2022 Figure 21 -Schematic illustration of shear band formation according to Spaepen's model (a) and to Argon's model (b). Both modes are based on the presence of free volume inside the glass. (a) For Spaepen it is more isolated atomic moves. (b) For Argon it is entire atomic clusters moves. Reproduced from [TAK 11].

Figure 22 -

 22 Figure 22 -A and B are TTT diagrams of the two type BMG according to Kumar et Al. A, illustrates the TTT diagram of a type I BMG.For this type of BMG, relaxation nose is shorter than the crystallization nose then an amorphous but relaxed and therefore brittle BMG at room temperature is obtained. In this case the fictive temperature (T f ic 1) is lower than the critical fictive temperature. Sometimes, it is possible to increase the cooling rate and increase the fictive temperature (T f ic 2) to change a type I BMG to a type II. B, illustrates the TTT diagram of a type II BMG. For this type of BMG, relaxation nose is longer than the crystallization nose then an amorphous and not relaxed therefore ductile BMG at room temperature is obtained. Adaptation of [KUM 13].
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 232 Figure 23 -Ashby plot of elastic limit σy plotted against Young modulus E for 1507 metals, alloys, metal matrix composites and metallic glasses (dark dots). The contours show the Yield strain σy/E and the resilience σ 2 y E . The alloys in black are BMGs. Illustration and caption reproduced from [ASH 06].

Figure 24 -

 24 Figure 24 -Ashby plot of the fracture toughness and modulus for metals, alloys, ceramic, glasses, polymers and metallic glasses (black dots). The contours show the toughness Gc in kJ.m 2 . The plot is reproduced from [ASH 06].

Figure 25 -

 25 Figure 25 -Stress-lifetime curves for uniaxial fatigue of Zr-based BMGs in air (TT: tension-tension, TN: tapered notch, SN: sharp notch, TC: tension-compression, CC: compression-compression, N: nanocrystalline, C: composite). Illustration and caption reproduced from [WAN 14].
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 2022 Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art [SCH 07c].

Figure 26 -Figure 27 -

 2627 Figure 26 -Schematic deformation map of BMGs. The dominant deformation mechanism is shown on a temperature scale normalized to Tg and depending on the shear stress normalized to the shear modulus. Illustration and caption reproduced from [SCH 07c].

Figure 28 -

 28 Figure 28 -Picture of the current main applications od BMGs. Reproduced form: [HOF 13].

  28). If metallic glasses are for the moment distributed rather in 40 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art the sectors of the sporting equipment and the luxury, other applications in microelectronics and magnetic applications exist [INO 08].

Figure 29 -

 29 Figure 29 -Number of publications related to both "BMG" and "biomedical" from 2000 to 2022 on Science Direct website request.

  40 Cu 36 Zr 10 Pd 14 grade Why picking up Ti 40 Cu 36 Zr 10 Pd 14 among others alloys composition ? There are several arguments in favor of choosing this grade for the manufacture of dental implants: • First, this grade does not contain any controversial elements such as Nickel or Aluminum and has been shown to be biocompatible [LIE 18], [ZHU 07a].

  mold suction casting in arc melter . . . Conventional protocol of amorphous rods (chapter 1 and 2) . . . . . . . . . . Effect of liquid temperature and hydrogen pollution on rods (Chapter 3) . . . Study of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy and new BMG compositions (Chapter 4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Elements used and purity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Material characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . X-Rays Diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Optical Microscopy (OM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . . . . . . . . . . Energy-Dispersive X-ray Spectroscopy (EDXS) . . . . . . . . . . . . . . . . . Electron Back Scattered Diffraction (EBSD) . . . . . . . . . . . . . . . . . . . Transmission Electronic Microscopy (TEM) . . . . . . . . . . . . . . . . . . . ASTAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chemical Analysis : Time of Flight -Secondary Ion Mass Spectrometry (Tof-SIMS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . .

  in Introduction). The illustration of the main steps of sample preparation can be seen in Fig. 30 and describe in details in the next paragraphs [FOR 11].

Figure 30 -

 30 Figure 30 -Pictures of the main rod's preparation steps. A) Weighing and cleaning of pure metals. B) Melting and flipping of pure metals to obtain the master alloy. C) Rod's casting by suction.

Figure 31 -

 31 Figure 31 -Schematic view of a representative DSC curve where, the specific temperatures position are placed on the curve. Reproduced from [Ley 20]

Figure 32 -

 32 Figure 32 -A, picture of the crucibles (Alumina + Platinum) used during DSC analysis of Chapter 3 open in two parts. B, SEM picture of the of Platinum and Alumina crucible with Ti40Cu36Zr10Pd14 alloy after DSC measurements. The Ti40Cu36Zr10Pd14 alloy passed between the crucible and the alumina cover and welded to the platinum crucible during cooling.

  2022 -Laurabelle Gautier -MATEIS laboratory 53 Materials and Methods

  54 2022 -Laurabelle Gautier -MATEIS laboratory Materials and Methods noting that this assumption is quite classical and can be found in literature on alloys with a composition close to the one studied here [YAN 11][FOR 11][MAR 87] . Phase identification was performed using the phases presented in Tab. 4.

Figure 33 -

 33 Figure 33 -Reproduced from [LIE 19]. Geometries of (a) the claw clamp piece, (b) the T-shaped piece and (d) a tested sample used during tensile tests. Image of the all general set up before (c) and during testing (e).

  a scheme 58 2022 -Laurabelle Gautier -MATEIS laboratory Materials and Methods of the used assemble with a representation of the upper face solicited in compression and the lower face under tension.

Figure 34 -

 34 Figure 34 -Schematic illustration of the four points bending test assembly used in Chapter 3. All dimensions of the assembly and samples are shown in the image. The dimensions d and d1 are mandatory to access the stress applied during the test, d = 2.8mm is the cylindrical specimen diameter and d1 is the space between the upper and lower rollers.

  2022 -Laurabelle Gautier -MATEIS laboratory 59 Materials and Methods
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 2022 Figure 35 -(a) Picture of the three electrodes assembly used during the PhD to study corrosion resistance following the standard ISO 10271. (b) Zoom on two sample's aspect (embedded in transparent resin) and electrically linked to the assembly by a copper wire.

Figure 36 -

 36 Figure36-On the left, scheme reproduced from[AND 16] illustrating the contact between sample's surface (here BMG) and the stretched end of the glass capillary containing the electrolyte (here NaCl 0.9%), the water tightness between sample and electrolyte is guaranteed by a silicone gasket. On the right, picture of the entire microcell assembly used during this PhD.
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Chapter 1 -

 1 [LIE 18][ZHA 03a]. These defects can be large in size, randomly distributed and can therefore negatively affect the mechanical properties of the material [LIE 18][YOK 15][HIN 19], in particular by causing premature failure in tension and/or cyclic fatigue. The presence of spherulites may have a negative effect on fracture toughness, as it was shown in three points bending test on pre-cracked samples of an ZrCuAlNi BMG [HIN 19][BER 20]. On the other side, some authors consider the presence of a crystalline phase surrounded by an amorphous matrix as an opportunity to improve the mechanical resistance of BMGs. It has been reported in the literature [PAU 09] [LIU 12b][KIM 18] mainly on CuZr(Ti or Al) ternary alloys, that there is a spontaneous formation of a B2 phase during the casting of rods, if the crystalline particles are controlled in size and homogeneously distributed in the parts, can bring ductility and thus improve the usual usual brittle behavior of this grade. If few papers are dealing with 66 2022 -Laurabelle Gautier -MATEIS laboratory Introduction a deep characterization of spherulites in some BMG and others tend to show that they may have an effect on mechanical properties, there is not so far, a comprehensive characterization in Ti 40 Cu 36 Zr 10 Pd 14 alloys, while they are often cited as promising candidates for biomedical applications [LIE 18][ZHU 07a]. This publication therefore aims at highlighting the presence (by a morphological and chemical characterization) of spherulite-type crystalline defects in the widely studied Ti 40 Cu 36 Zr 10 Pd 14 (at.%) grade and their influence on the overall material's mechanical properties and corrosion resistance. 2022 -Laurabelle Gautier -MATEIS laboratory 67 Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses 1.2 Results

Figure 1 . 1 -

 11 Figure 1.1 -Optical microscopy observations of the TiCuZrPd Bulk Metallic Glass after mechanochemical polishing with colloidal Silica, showing several spherulites. (A) Global sample appearance. (B) Zoom on the lower part of the rod. (C) High magnification picture of a spherulite.

Figure 1 . 2 -

 12 Figure 1.2 -Histogram of spherulites dimensions, analysed by the Schwartz-Saltykov method [SAL 58].

Figure 1 . 3 -

 13 Figure 1.3 -XRD pattern of the Ti40Cu36Zr10Pd14 BMG between 10°< 2 θ < 70°. The presence of spherulites is hardly visible, except if a careful analysis of the 41°broad halo is conducted, which may suggest a small crystalline fraction.

Figure 1 . 4 -

 14 Figure 1.4 -SEM-BSE (Back Scattered Electron mode) images of spherulites. (A) Global view of two adjacent spherulites. (B) Higher magnification of the needles in the center part of a spherulite. (C) Higher magnification of spherulite/matrix interface, which shows a 'shell' around the spherulite. (D) Close look at the center of the spherulite, showing different types of needle-shape crystals.

Figure 1 . 5 -

 15 Figure 1.5 -(Left) IPF representations of EBSD map of a part of spherulite. The only visible indexed phase is CuPd. (Right) Corresponding local misorientation map.

Figure 1 . 6 -

 16 Figure 1.6 -(Left) SEM picture of the spherulite with locations of the different map's spots analyzed by EDXS. (Right) EDXS maps of Ti, Cu, Zr and Pd elements superimposed with SEM pictures at different places of the spherulite.

72 2022 -Figure 1 . 7 -

 202217 Figure 1.7 -Observation of Vickers indentations, (A) showing a different Hardness of the amorphous matrix and the spherulites and (B) crystalline plasticity in the spherulite.

Figure 1

 1 Figure 1.8 -(A) compressive stress-strain curves obtained on 6 samples of TiCuZrPd BMG with (B) SEM picture of a representative fracture surface extract from [LIE 18]. (C) tensile true stress-strain curves obtained on 4 samples of Ti40Cu36Zr10Pd14 with (D) SEM picture of a representative fracture surface which illustrates the presence of casting defects.

Fig. 1 .

 1 Fig.1.9 illustrates the ability of spherulites to deform in compression. Fig.1.9A shows an area of the sample (not on the fracture surface but on one polished side of the specimen) before and after the compression test. It can be clearly seen that the spherulite

Figure 1 .

 1 Figure 1.9 -(A) SEM picture at the surface a compression specimen after testing (failure at 1.8 GPa) in SE (left) and BSE (right) mode. (B) Higher magnification of one spherulite after the compression. (C) Higher magnification at the interface between the spherulite and the amorphous matrix. The blue arrows symbolize the direction of the compression test. Red arrows represent the shear bands in the amorphous matrix and the white arrows represent the plastic deformation through dislocation movement inside the spherulites.

Figure 1 .

 1 Figure 1.10 -(A) scheme of the ISO 14801 standard mechanical test on dental implants. (B) load displacement curves on 6 dental implant prototypes (REPSAMPLES). (C) representative fracture surface.

Figure 1 .

 1 Figure 1.11 -(A) typical fatigue Wöhler curve (cycles to failure versus maximum applied load) deduced from a staircase method test on 5 dental implant prototypes. (B) Typical SEM picture of a sample fracture surface.

Figure 1 .

 1 Figure 1.12 -(A) SEM picture of one TiCuZrPd sample after polarization from -0.5 to 1 V vs Ag/AgCl in a 0.9% NaCl solution obtained after 6h of immersion. (B) higher magnification of the sample's surface state after the test.

Figure 1 .

 1 Figure 1.13 -(A) potentiodynamic curves of local measurements on spherulite (red curves) or amorphous matrix (black curves). (B) Open Circuit Potential (OCP) local measurements on spherulite (red curves) or amorphous matrix (black curves). The blue curves are reported for comparison purpose from [LIE 20].

Figure 1 . 14 -

 114 Figure 1.14 -Optical observations of the surface of one sample after local corrosion measurements. Left: Spherulite (the insert shows the spherulite before the local corrosion test). Right: Amorphous matrix.

Figure 1 .

 1 Figure 1.15 -SEM pictures of one TiCuZrPd sample after a cyclic polarization in NaCl 0.9%. The shell at the interface between amorphous matrix and spherulite seems to dissolve preferentially.
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Figure 2 . 1 -

 21 Figure 2.1 -A) Illustration of spherulite region analysed using XRD. B) XRD pattern of large millimetric spherulite aggregate, confirming the presence of CuTi B2 phase as a major constituent, with a peak extinction at 51.4°of the plan [1 1 1]. The used CuTi B2 phase has Pm-3m space group and a theoretical lattice parameter of 3.077 Å (adjusted here to 3.14 Å by the Rietveld method). C) EBSD phase map of entire spherulite.

Results

  

Figure 2 . 2 -

 22 Figure 2.2 -Example of spherulites observed in the Ti40Cu36Zr10Pd14 alloy, observed in SEM-BSE mode:A) large spherulite of more than 100 µm in size in the core of the as-cast rod, B) smaller spherulite of fews µms in the periphery of the rod, and C) small needle shape defect, which corresponds to an earlier stage of crystals growth. In all cases, the core of the defect consists of white long needles, together with a darker phase, from which a grey phase seems to be growing.

Figure 2 . 3 -

 23 Figure 2.3 -A) and B) SEM-BSE micrographs of core of a large spherulite at different magnifications. B shows the areas targeted for the EDXS measurements (orange numbers). C) and D) Band contrast map and EBSD map of phase repartition of image B).

Figure 2 . 4 -

 24 Figure 2.4 -A) SEM-BSE micrograph of a needle-shaped defect at the periphery of the as cast rod at different magnifications. B) Higher magnification image of region in A. C) Corresponding band-contrast map D) Corresponding EBSD map of phase repartition of image B.

Figure 2 . 5 -

 25 Figure 2.5 -Orientation relationship between the four major phases, illustrated for the needle shaped spherulites (a) Phase map (b) IPFZ orientation map, and orientation of (c) CuTi-B2,(d) CuTi tetragonal, (e) CuTi3 and (f) Cu3Ti2 phases.
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Figure 2 . 6 -

 26 Figure 2.6 -A, low magnification TEM images of FIB foil extracted from the core of a large spherulite. Image B, zoom-in of the area indicated in red in image A.

.

  

Figure 2 . 7 -

 27 Figure 2.7 -(a) CTEM micrograph of CuTi laths and (b) corresponding SAED pattern, indicating a <210> orientation of the CuTi tetragonal phase. (c) An additional phase, of few nanometre in thickness, for which a 6Å periodicity is visible in that orientation, was identified as a CuTi-ordered phase from the pattern in (d), already described in [MAR 87]. (e) corresponding SAED pattern, the ordering leads to the presence of additional spots, which were successfully indexed as the CuTi-ordered phase with zone axis <210>.

Figure 2 . 8 -

 28 Figure 2.8 -Evidence of phase decomposition occurring in the CuTi phase, observed using (a) STEM, with Z contrast, and (b-d) ASTAR/ACOM orientation mapping on another area. (b) Quality map of analyzed area. (c) Corresponding orientation IPFZ map and (d) corresponding phase map with three identified phases (CuTi-tetra in blue, Cu3Ti2 in red and CuTi3 in yellow).

.

  

Figure 2 .

 2 Figure 2.9 -SEM-BSE observation of a spherulite/matrix interface: A) low magnification of the spherulite and B) detailed view of the black rectangular zone presented in A), showing the presence of nanoscale dark precipitates, as well as an interface shell, of around 3-4 µm thick.

Figure 2 .Fig. 2 .

 22 Figure 2.10 -A) SEM observation of the FIB lamella extracted at the interface of the spherulite. Two distinct areas are visible: the crystalline spherulite on the left, composed mainly of CuTi phase, from previous observations, and the interfacial region on the right. B) and C), TEM CTEM micrograph of one precipitate and corresponding FFT. D) and E) higher magnification TEM micrograph of the interfacial area and corresponding FFT. The noted numbers 1' and 2' are the position where the EDXS measurements were done and reported in Tab. 2.2..

100 2022 -Figure 2 .

 20222 Figure 2.11 -Schematic representation of the growth mechanism proposed for the spherulites. B, rejection of Ti away from the Cu3Ti2 primary needles (red) and subsequent formation of CuTi secondary needles (dark blue). C, apparition of ordered CuTi B2 (green) around the secondary needles. D, resulting microstructure observed for small spherulites composed of a single nuclei of Cu3Ti2 . E, microstructure of larger spherulites, revealing showing the presence of several Cu3Ti2 primary needles. Additional phases are observed within these large spherulites with nano-scaled ordering of the CuTi phase (F) and the formation of the CuTi3 phase through a eutectic reaction (G). H, is the shell of the large spherulites is composed of nano-scaled precipitates, and of a semi-crystalline layer .
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 2022 Laurabelle Gautier -MATEIS laboratory Introduction involved in premature mode I failures [BER 20], [HIN 19]

1 .

 1 Influence of the cooling rate 2. Influence of the melting parameters 3. Influence of light elements (hydrogen) 4. Influence of post-casting heat treatments 108 2022 -Laurabelle Gautier -MATEIS laboratory

Results

  

Figure 3 . 1 -

 31 Figure 3.1 -A and B are optical pictures of polished Ti40Cu36Zr10Pd14 rod's cut. A, is a 5mm diameter as cast rod, and B is a 3mm diameter as cast rod. In picture A, we see a large number of spherulites randomly distributed throughout the rod and are visible. In B, there is no visible spherulites but an inset view of a small spherulite is visible. C, XRD diffractograms corresponding to each of the samples in A and B.
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 2022 Laurabelle Gautier -MATEIS laboratory Results intensities are: 200A, 300A and 400A. The sample are then cut in few slices and mirrorpolished to do some a F-Test to compare two variances at the level of significance p=0.05.

Figure 3 . 2 -

 32 Figure 3.2 -Pictures A, B and C were taken using optical microscopy and illustrate the aspect of the microstructure of 3mm casted rods with different electric arc intensities and D,E and F are higher magnification pictures of the spherulite inside the rods. A and D-200A. B and E-300A. C and F-400A.

Fig. 3 .

 3 Fig.3.2 shows representative views of the microstructure observed in casted rods using various arc intensities (200, 300 and 400A). There is no visible significant difference between the three conditions in pictures A, B and C. The bar plots shown in Fig.3.3A and B illustrate respectively the distribution of spherulite number and mean size of spherulite surface. On those plots, the result of the F-test is specified, this analysis test is done with the values gathered in Tab. 3.2. It can be seen that there is no statistical significance of the influence between the electrical intensity (of the arc during casting) on the number and spherulite's size inside the rods except for the number of spherulite between 200A et 400A (significantly more for 400A than for 200A).

Figure 3 . 3 -

 33 Figure 3.3 -Bar plots representing respectively the number of spherulites/slice(A) and the mean surface for one spherulite (B) as a function of the arc intensity used during rods casting. The statistical comparison of the distributions by a F-test (comparison of variance) is carried out at power p=0.05.

Figure 3 . 4 -

 34 Figure 3.4 -Bar plot showing the means and standard deviation of % area crystallized per polished section for each rod tested in four-point bending. A F-test at a 0.05 level was performed to check the significant difference in distribution between the rods.

Figure 3 . 5 -Figure 3 . 6 -

 3536 Figure 3.5 -A) Stress (MPa) vs. displacement (mm) curves for two samples populations. The red and orange curves represent the rods for which the master alloy had been melted and flipped 14 times before the casting. The dark and light blue curves represent the rods for which the master alloy had been melts/flips 6 times before the casting. B and D are respectively SEM pictures of the "worst" and "best" sample's fracture surface according to Yield strength after test. C and E are pictures of the "worst" and "best" samples profile.

Figure 3 . 7 -

 37 Figure3.7 -TOF-SIMS (Time Of Flight -Secondary Ion Mass Spectrometry) analysis resulting in ion intensity images obtained in microprobe mode. This is a very high sensitivity method for elemental analysis of extreme surface. On this figure, on the left there is a picture of the targeted spherulite for the analysis. On the right, are presented the ionic images in negative polarity: H, C, O, TiH and TiH3.
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 2022 Figure 3.10 -Surface fracture of a compressive test specimen. A is a typical brittle fracture surface. B is typical vein pattern on the same sample.

Figure 3 .

 3 Figure 3.11 -DSC curves heat flow (mW) as function of sample's temperature. A, shows the two heating cycles and isothermal curve. B, shows the two cycles cooling curves.

122 2022 -Figure 3 .

 20223 Figure 3.12 -X-ray diffraction of specimens casted in a 3mm diameter mold (pure argon atmosphere) heat treated in a salt bath. The times and temperatures are shown directly on the graph.

Figure 3 .

 3 Figure 3.13 -Optical pictures of the same spherulite before (as cast) and after a 1h heat treatment at 500°C (left picture).

Figure 3 . 14 -

 314 Figure 3.14 -Schematic illustration of the interface with the copper mold. At the proximity of copper crucible (green square) there still can be non-melted zones which will serve as nucleus, and which will maybe grow during the solidification step (purple square).
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 4 Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade []

Si T i 40 1

 401 Zr 10 Cu 40-x P d 10 Six (x = 0, 1, 2 at.%) Dc = 5mm 1900MPa and lower Young's modulus under 85 GPa ( compression) [ZHU 07c] [ZHU 08b] Fe+Sn+Si+Ag T i 47 Cu 38-x Zr 7.5 F e 2.5 Sn 2 Si 1 Ag 2 P dx (x = 1, 2, 3, and 4 at.%) Dc = 5mm Up to 2340 MPa in compression, pitting potential around 1V in Hank solution at 37°C, proven biocompatibility but contains potentially harmful elements Ag and Fe [WAN 21] Ga T i 40 Zr 10 Cu 40-x P d 10 Gax (x = 0, 1, 2, 4, 8, 10 at.%) It is mentioned "can improve GFA" but not available data Ga levels up to 10% have no significant effect on passive current density, pitting potential or cathodic reactivity in 0.9% NaCl at 37°C. No data on mechanical properties. [WEI 19] Pt T i 41 Zr 10 Cu 31 P d 1-x P tx (x= 1; 2, 3,4 at.% ) Dc = 4mm Same yield strength as the basic alloy but greater plastic deformation under compression [JIA 18a] Ni T i 41 Zr 10 Cu 31 P d 13-x N ix (x= 1; 2, 3,4 at.%) Dc = 5mm (1 and 2 Ni at.%) Ni=3.at.% has the same compressive behavior than the basic grade but contains potentially harmful element (Ni) [JIA 18a] Co (T i 40 Zr 10 Cu 34 P d 14 ) 100-x Cox (x = 0, 1, 2, 3, and 4at.%) Dc = 10mm Good plasticity under a compressive stress , a high fracture strength of about 1960 MPa, small improvement in corrosion resistance in simulated body fluid. But contain potentially harmful element (Co) [WAN 13a] Nb (T i 40 Zr 10 Cu 34 P d 14 ) 100-x N bx (x=0, 2, 3, 4at.%) / Addition of Nb promotes the formation of nanocrystals. significant increase in compressive plasticity (total strain over 13%) is achieved in the sample with 3% of Nb without compromising the strength/slightly delayed pitting corrosion potential [FOR 13] Study of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy: microstructure and electrochemical properties

  4.1 (compared to the one obtained on spherulite aggregate already showed in Chapter 2 Fig 2.1).

Figure 4 . 1 -

 41 Figure 4.1 -XRD diffractogram of the Ti40Cu36Zr10Pd14 master alloy (black curve) compared to the one of the spherulite aggregate (red curve) (already presented in Chapter 2, Fig 2.1).
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 1374 Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade spherulites is not formally identified on the Ti 40 Cu 36 Zr 10 Pd 14 master alloy diffractogram. The master alloy diffractogram is coherent with the work of Qin [QIN 07b], where they present a diffractogram of Ti 40 Cu 36 Zr 10 Pd 14 cooled at 823K/10min which is almost identical to the one in Fig. 4.1, they identified those peaks with Ti 3 Cu 4 , Ti 2 Pd 3 and Ti 2 Pd. However in the work of Czeppe [CZE 16], they present a diffractogram of Ti 40 Cu 36 Zr 10 Pd 14

Figure 4 . 2 -

 42 Figure 4.2 -Optical microscopy pictures of the microstructure of the polished Ti40Cu36Zr10Pd14 master alloy. A, at low magnification we see large laths oriented from bottom to top of the alloy. In B, at higher magnification, 5 phases can be seen with their morphology and different colors. Numbers and colors (red, yellow, green,orange and blue) are indicators given to each phase for the rest of the study.

Figure 4 . 3 -

 43 Figure 4.3 -Scheme of the master alloy in the arc furnace chamber. The temperature and cooling rate are shown during the heating of the alloy. On the SEM picture on the right, the microstructure evolution of the master alloy can be seen. In the immediate vicinity of the copper plate the microstructure is much finer than in the rest of the alloy.

Figure 4 . 4 -

 44 Figure 4.4 -SEM-BSE picture of the Ti40Cu36Zr10Pd14 master alloy in high magnification. The numbers and their colors refer to the exact position of the EDXS measurement to determine each phase's composition.
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 2022 Laurabelle Gautier -MATEIS laboratory open circuit potential (OCP) and potentiodynamic curves are presented in Fig. 4.5 (in comparison with TA6V and Ti 40 Cu 36 Zr 10 Pd 14 BMG curves).

Figure 4 . 5 -

 45 Figure 4.5 -6h Open circuit potential curves (A) and potentiodynamic curves from -0.5 to 1V (B) of two similar measurements on the Ti40Cu36Zr10Pd14 master alloy (light blue and green curves) compared to two references: Ti40Cu36Zr10Pd14 amorphous state (black curve) and a TA6V(red curve). The tests were done in 0,9%NaCl, pH=7 at 37°C.

Fig. 4 .

 4 Fig.4.5A shows two OCP curves for the master alloy (green and light blue curves) compared to the OCP measured for the Ti 40 Cu 36 Zr 10 Pd 14 BMG (black curve) and the TA6V reference curve (red curve). The master alloy curves are much less stable than the Ti 40 Cu 36 Zr 10 Pd 14 BMG and TA6V curves, it seems that many small events occurred throughout the 6h of immersion. Excepted the presence of these small fluctuations, the OCP of the master alloy reaches quickly a stable value compared to the other systems showing an asymptotic increase. The stable potential of the amorphous is around 0.13V while that of the master alloy is a little lower (≈ -0.05V). In Fig.4.5B shows the corresponding potentiodynamic curves from -0.5 to 1V. The corrosion potentials (E corr ) appear to be close between the master alloys and the BMG of the same composition, however, once the anodic part of the curve is reached, the BMG exhibits a passivation plateau until 0.3V whereas for the master alloy the current density increases immediately and sharply which corresponds to dissolution phenomenon (between 0 and 0.1V). TA6V, on the other hand, is an exceptional passive material and does not suffer from pitting corrosion or dissolution in these experimental conditions. From these curves, it appears that the amorphous state alloy exhibits a slightly higher corrosion resistance compared to the master alloy but both are sensitive to pitting and dissolution, respectively. This trend is probably observed because amorphous material is theoretically composed of one solid solution (no secondary phases), or much more chemically homogeneous and does not have crystalline defects that are preferential pitting sites.

Figure 4 . 6 -

 46 Figure 4.6 -View of the sample Ti40Cu36Zr10Pd14 master alloy surface before (A) and after (B) the potentiodynamic test in NaCl 0.9% at 37°C. C is a picture of the NaCl test solution after the test with a large amount of green precipitates.

Fig. 4 .

 4 Fig. 4.6 shows the appearance of the sample's surface (Ti 40 Cu 36 Zr 10 Pd 14 master alloy) before (A) and after (B) the potentiodynamic tests, the curves of which are shown in Fig. 4.5. The initial surface is mirror polished before the test and in B, after the test needles can be guessed on the whole surface which has become very rough. Part of the surface appears black because it is covered with corrosion products. In C, the appearance of the electrochemical cell containing the 0.9% NaCl solution after the test can be seen, there is a large green precipitate which reflects a very strong dissolution of the sample during the test. The surface of the sample is also observed in the SEM after it had been cleaned in an ultrasonic bath to remove as much corrosion products as possible. SEM pictures of the surface are shown in Fig. 4.7.
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Figure 4 . 7 -

 47 Figure 4.7 -A, is a SEM picture of Ti40Cu36Zr10Pd14 master alloy after the previous corrosion test, all the surface has been corroded except small areas circled in orange. B, is a picture taken on one of the unaffected areas, on this picture the surface is still polished and the microstructure of the alloy is still visible.

Figure 4 .

 4 Figure 4.8 -A and B are photographic stitchings taken in optical microscopy on Ti40Cu36Zr10Pd14 master alloy before(A) and after(B) a test in cyclic polarization (the potential drops when it reaches a threshold value, here 1mA/cm2) in NaCl 0.9% at 37°C.

Fig. 4 .

 4 Fig. 4.8 shows the entire sample surface of Ti 40 Cu 36 Zr 10 Pd 14 master alloy before (A)

Figure 4 .

 4 Figure 4.9 -A, is a picture of a specific area of Ti40Cu36Zr10Pd14 master alloy in optical microscopy after the cyclic polarization. B is the SEM-BSE picture corresponding to the same area before the test (the areas sensitive to dissolution are highlighted in yellow). C, is the SEM-BSE picture corresponding to the same area after the test. D, is SEM picture in secondary electrons of the same area after the test.

Fig. 4 .

 4 Fig. 4.9 shows the same attacked zone in four different modes, optically (A), SEM-BSE before the test (B), SEM-BSE after the test (C) and secondary electrons after the test (D).In picture D, it is clear that the surface of the sample has been strongly and specifically attacked during the test. It can also be seen that it is not the phases with lath morphology (phases 1 and 2) that are affected, but the entire space between several large laths (phases 3, 4 and 5).
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Figure 4 .

 4 Figure 4.10 -A is a SEM picture in secondary electrons of the area study in EDXS. B, SEM picture in secondary electrons of the dotted rectangle in image A, on this area the EDXS analysis shows the presence of the phases 1, 2 and 3. C, SEM picture of the upper dotted rectangle in picture B. This area has suffered from the dissolution, the EDXS measurements still show the presence of the phases 1, 3 and 4. D, SEM-BSE picture of the lower dotted rectangle in picture B. This area hasn't suffered from the dissolution, the EDXS measurements show the presence of the phases 1, 3, 4 and 5 (the phase 2 phase not present in the picture but it is visible in B). .

Figure 4 .

 4 Figure 4.11 -The three targeted compositions have been prepared first into master alloys (1st column) before being casted in a copper mold with various diameters (from 1 to 6mm) (2nd column). Some slices of the several alloys have been cut and polished before SEM observations in BSE mode (3rd column).

Figure 4 . 12 -

 412 Figure 4.12 -XRD diffractograms of each of the new three casted compositions (red, yellow and blue curves) compared to the master alloy diffractogram of Ti40Cu36Zr10Pd14 master alloy (black curve, reported from Fig. 4.4).

  4.14). For comparison, TA6V and CpTi grade 2 have a mean hardness of 330 HV and 200 HV, respectively [POO 09]. The hardness of this alloy is widely higher than most of the Cu alloys (which is in this case the principal element) [BAR 91]. The yield strength (σ y ) is estimated by use well-known approximate scaling relation σ y = 3.HV [TAB 00], [JON 12].

4

 4 

  .14). It is very likely from the results of part 1 that this grade with high content in Copper and Palladium will have a limited corrosion resistance.

Figure 4 .

 4 Figure 4.13 -6h or 3h Open circuit potential curves (A) and potentiodynamic curves from -0.5 to 1.4V (B) of 5mm in diameter disc of Ti26Cu43Zr15Pd16 alloy (blue curves) exposed to NaCl 0.9% solution at 37°C compared to Ti40Cu36Zr10Pd14 BMG and master alloy (black and green curves) and a TA6V (red curve).

Fig. 4 .

 4 Fig. 4.13 shows the OCP (A) and potentiodynamic (B) curves of the Ti 26 Cu 43 Zr 15 Pd 16 alloy compared to that of TA6V and Ti 40 Cu 36 Zr 10 Pd 14 BMG. For OCPs (A), the potential reaches stable value quite quickly for the Ti 26 Cu 43 Zr 15 Pd 16 alloy and it is slightly

Figure 4 . 14 -

 414 Figure 4.14 -Optical pictures of the sample Ti26Cu43Zr15Pd16 alloy before (A) and after (B) the electrochemical test in NaCl 0.9% at 37°C. C and D are higher magnifications of the sample surface after corrosion test.

Fig. 4 .

 4 Fig.4.14 shows the surface appearance of the Ti 26 Cu 43 Zr 15 Pd 16 5mm rod before (A) and after (B) the corrosion test in 0.9% NaCl. It can be seen that in the initial state in a 5mm diameter rod there are large porosities or even cracks which are undoubtedly related to the manufacturing process (shrinkage porosity, see Appendix A.5). After the test, the surface does not appear to be significantly damaged (if we exclude the black corrosion products in the photo). In picture C, after the test, the needles stand out particularly well, as if the test had the same effect as a chemical etching on one of the two phases present in this alloy. On picture D, it is easy to see that it is the phase between the needles that was preferentially dissolved during the test. To better understand why one of the two phases dissolved preferentially, EDXS-SEM analysis is carried out and the results
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 4 Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade are presented in Fig. 4.15.

Figure 4 .

 4 Figure 4.15 -SEM-BSE picture of the Ti26Cu43Zr15Pd16 alloy. 1 and 2 represent chemical compositions of both phases of the alloy determined by EDXS.

Fig. 4 .

 4 Fig. 4.15 shows a picture of the microstructure of the Ti 26 Cu 43 Zr 15 Pd 16 alloy in SEM-BSE. As previously mentioned in Fig. 4.11, there are large needles on one side and an interstitial phase on the other which fill the space between the needles. Chemical analysis reveals that the (white) needles have the following composition Ti 31 Cu 41 Zr 18 Pd 10 and that the interstitial phase (black) corresponds to a chemical composition of Ti 18 Cu 45 Zr 14 Pd 23 . The interstitial phase is very rich in Copper and Palladium while the needles are richer in Titanium and Zirconium. The chemical analysis indicates that, as for the Ti 40 Cu 36 Zr 10 Pd 14master alloy, it is the phase containing the most Cu and Pd that is the most prone to form chlorides complexes and therefore to dissolve. In this case, it is assumed that the same mechanism occurred. The Ti 26 Cu 43 Zr 15 Pd 16 alloy can be considered as a "composite" material with two phases with different chemistries. One phase rich in Ti and Zr (the needles) tends to passivate and is less sensitive to corrosion whereas the second phase (interstitial phase) is rich in Cu and Pd is much more sensitive (see Pourbaix diagrams Fig.4.18 in the appendix). The potentiodynamic curve is therefore probably a mixture of the signals from the two phases, which is illustrated in Fig.4.16 below.

Fig. 4 .

 4 Fig. 4.15 shows a picture of the microstructure of the Ti 26 Cu 43 Zr 15 Pd 16 alloy in SEM-BSE. As previously mentioned in Fig. 4.11, there are large needles on one side and an interstitial phase on the other which fill the space between the needles. Chemical analysis reveals that the (white) needles have the following composition Ti 31 Cu 41 Zr 18 Pd 10 and that the interstitial phase (black) corresponds to a chemical composition of Ti 18 Cu 45 Zr 14 Pd 23 . The interstitial phase is very rich in Copper and Palladium while the needles are richer in Titanium and Zirconium. The chemical analysis indicates that, as for the Ti 40 Cu 36 Zr 10 Pd 14master alloy, it is the phase containing the most Cu and Pd that is the most prone to form chlorides complexes and therefore to dissolve. In this case, it is assumed that the same mechanism occurred. The Ti 26 Cu 43 Zr 15 Pd 16 alloy can be considered as a "composite" material with two phases with different chemistries. One phase rich in Ti and Zr (the needles) tends to passivate and is less sensitive to corrosion whereas the second phase (interstitial phase) is rich in Cu and Pd is much more sensitive (see Pourbaix diagrams Fig.4.18 in the appendix). The potentiodynamic curve is therefore probably a mixture of the signals from the two phases, which is illustrated in Fig.4.16 below.

Figure 4 .

 4 Figure 4.17 -reproduced from [ZHU 07b] with only compositions that respect (Ti+Zr)50(Cu+Pd)50.

Figure 4 . 18 -

 418 Figure 4.18 -Pourbaix plots of Cu, Pd,Ti and Zr in presence of Cl -ions of the applied potential according to the pH at 25°C. In this chapter all the electrochemical tests have been done in NaCl solution of 0.9% at pH =7 at 37°C. Those plots give ideas of which species could be present during the potentiodynamic tests.
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  Fig. A.2. These granules strongly absorbed X-Rays, which suggested they were composed of heavy elements. SEM analysis was performed on cross sections Fig. A.3

Figure A. 2 -

 2 Figure A.2 -X-Rays radiography of 3mm rods with heterogeneous massive granules (strongly absorbing X-rays).

Figure A. 3 -

 3 Figure A.3 -A, SEM picture in secondary electron mode of a granule. B, SEM-BSE picture of the same sample.

  Fig. A.4.

Figure A. 4 -

 4 Figure A.4 -SEM-BSE picture focusing on the interface granule/crystaline shell/amorphous matrix. Numbers are the postions were the EDXS measurements were done.On the left, table with EDXS quantification.

Figure A. 5 -

 5 Figure A.5 -EBSD map of the interface granule/crystaline shell/amorphous matrix.
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 2022 Laurabelle Gautier -MATEIS laboratorySurface irregularitiesA.3 Surface irregularitiesAnother type of surface defect was observed thanks to X-ray tomography. On 3mm BMG rods as illustrated in Fig.A.6. 

Figure A. 6 -

 6 Figure A.6 -X-Rays radiography of 3mm rods with surface irregularities.

Fig. A. 7

 7 Fig. A.[START_REF] Pauly | Microstructural heterogeneities governing the deformation of Cu47.5Zr47.5Al5 bulk metallic glass composites[END_REF] show the same type of surface irregularities but in SEM (secondary electron mode). In A, this is the surface of a "perfect" rod after casting, really shiny and smooth. On the contrary, in B, a surface irregularity can be seen. We don't really know if this is a fluid mechanics problem that prevents the liquid metal from coming into direct contact with the copper mold (a problem of wettability) or if it is an area where the argon to form a pocket during casting.

Figure A. 7 -

 7 Figure A.7 -SEM pictures of 3mm rods surfaces. A, shiny and smooth, synonym of amorphous state. B, mat and rough, probably synonym of crystalline.

Figure A. 9 -

 9 Figure A.9 -SEM-BSE pictures of crystalline interface with the copper mold.

Figure A. 12 -

 12 Figure A.12 -PCT(left) and DCT(right) acquisitions on a Ti40Cu36Zr10Pd14 small cylinder. The DCT reconstruction was done using a CuTi-B2 lattice parameters.
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Figure 1 :

 1 Figure 1 : A) SEM picture of 3mm diameter random rod's cut. B) Phase contrast tomography (PCT) slice showing faint contrast at the interface layer between the spherulites and the amorphous matrix. C) 3D reconstruction of spherulites (using a single, cubic phase) using DCT.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

2 Spherulitic growth process in Ti-based metallic glass: microstructure, phase identification and growth mechanism
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Table 2 -

 2 Summary table of the recognized biocompatible elements and recognized harmful elements. This information were extracted from the work of [CAL 13].

Table 3 -

 3 Comparison table of the most promising BMG compositions for biomedical application in the literature. The BMGs principal characteristics such as: critical diameter, ultimate tensile stress (UTS), plasticity, Young Modulus, biosafety and corrosion resistance are gathered. Cu 35 Al 7 Nb 5 Pd 3 Ti 47 Zr 7 Cu 38 Fe 2.5 Sn 2 Si 1 Ag 2 Ti 47 Cu 38 Zr 7.5 Fe 2.5 Sn 2 Si 1 Ag 2 Ti 40 Cu 34 Zr 10 Pd 14 Sn 2 Ti 40 Cu 33 Zr 10 Pd 14 Sn 2 Si 1

	Alloy composition	Critical diameter (mm)	UTS (MPa)	Plasticity Y/N	E(GPa)	Biosafety Y/N	Corrosion resistance	Ref
	Zr 70 Ni 16 Cu 6 Al 8	3-5	1500	Y	70	Y	Good	[IDA 18]
	Zr 50 3	1800	Y	88	Y	Good	[HUA 12]
		3	2028	Y	100	/	Good	[LIU 20]
		7	2080	Y (compression)	100	Y	Good	[PAN 15]
	Ti 40 Cu 36 Zr 10 Pd 14	6	2010	Y	100	Y	Medium	[LIE 19]
		4	1970	Y (compression)	114±20	Y	Medium	[LIE 19]
		10	1645	Y (compression)	108±22	Y	Good	[LIE 19]

  • • The possibility of thermoplastic forming on the Ti 40 Cu 34 Zr 10 Pd 14 -M 2 (M=Sn or Ga) system has already been investigated by [115], [116] and according to the results on these very close to Ti 40 Cu 36 Zr 10 Pd 14 grades (same atomic system and close GFA) there are good reasons to believe that it will have good surface texturing ability.

• The brightness and aesthetic aspect of this metallic glass with innovative surface texturing may be a marketing asset to dentists [SCH 07a]. 44 2022 -Laurabelle Gautier -MATEIS laboratory General introduction/context/state of the art
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Ti 40 Cu 36 Zr 10 Pd 14 master alloy and new BMG compositions (Chapter 4)

  

Table 4 -

 4 Candidate phases (phase name, spacegroup, a, c, references) used during this study.The FIB thin foils were prepared on a FEI Strata DB 235 at IMEN laboratory (Lille, France), using a Ga FIB source. Transmission Electron Microscopy observations were realized on a JEOL 2010F TEM operating at 200 kV, equipped with a 60mm 2 Oxford Instrument EDXS detector. The results are presented in chapter 2.

	Phase name	Spacegroup a(Å) c(Å)	References
	Cu 3 Ti 2	I4 m m m	3.14 13.962	[ERE 66]
	tetragonal CuTi	P4/m m m	3.14	2.856	[KAR 51]
	CuTi 3	P4/m m m	4.158 3.594	[KAR 51]
	CuTi-B2	Pm-3m	3.14	3.14	[Zha 94] from CuZr adjusted
	Transmission Electronic Microscopy (TEM)	

Table 5 -

 5 This table is used for one-sided F tests at the α = 0.05 level.

	n x /n y ↓	11	12	13	14	15	16	17	18	19	20
	1	242,983 243,906 244,69 245,364 245,95 246,464 246,918 247,323 247,686 248,013
	2	19,405	19,413 19,419 19,424 19,429 19,433	19,437	19,44	19,443	19,446
	3	8,763	8,745	8,729	8,715	8,703	8,692	8,683	8,675	8,667	8,66
	4	5,936	5,912	5,891	5,873	5,858	5,844	5,832	5,821	5,811	5,803
	5	4,704	4,678	4,655	4,636	4,619	4,604	4,59	4,579	4,568	4,558
	6	4,027	4	3,976	3,956	3,938	3,922	3,908	3,896	3,884	3,874
	7	3,603	3,575	3,55	3,529	3,511	3,494	3,48	3,467	3,455	3,445
	8										

Chapter 1 Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses

  

Table 1 . 1 -

 11 Hardness Vickers measurements on amorphous matrix and spherulites.

Table 1 . 3 -

 13 Summary of the four-point bending tests on SEVNB samples. a: notch dimension, σmax: maximum stress recorded, KIC : calculated critical stress intensity factor.Chapter 1 -Impact of spherulite-type crystalline defects on the mechanical and electrochemical properties of Ti 40 Cu 36 Zr 10 Pd 14 metallic glasses

	Material	Test	a(mm)	σ max (MPa) K IC (MPa.	√	m
	Ti 40 Cu 36 Zr 10 Pd 14	4PB SEN(V)B	213 -261	612 -1005	32 -42

2022 -Laurabelle Gautier -MATEIS laboratory

Table 2 . 1 -

 21 Summary of SEM-EDXS point analysis of central part of the spherulites.

	Point Composition (at.%)	Ratio (Cu+Pd)/(Ti+Zr)	Candidate Phase (EDXS) Indexed phase (EBSD)
	1	Ti 30 Cu 44 Zr 6 Pd 20	1.8	Cu 3 Ti 2 or Cu 2 Ti	Cu 3 Ti 2
	2	Ti 45 Cu 33 Zr 10 Pd 12	0.8	CuTi	CuTi B2
	3	Ti 24 Cu 40 Zr 18 Pd 18	1.4	Cu 3 Ti 2	Non indexed
	4	Ti 43 Cu 28 Zr 11 Pd 18	0.8	CuTi	CuTi tetragonal
	5	Ti 60 Cu 19 Zr 8 Pd 13	0.5	CuTi 2	CuTi 3
	92				
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Results

Table 2 . 2 -

 22 Chemical measurements performed using SEM on the thin foil extracted at the interface.

	Point Composition (at.%) (Cu+Pd) /(Ti+Zr) ratio Phase candidate SAED Diffraction
	1'	Ti 47 Cu 20 Zr 12 Pd 21	0.7	Cu 3 Ti 2	CuTi 3
	2'	Ti 37 Cu 25 Zr 14 Pd 23	1	CuTi	Amorphous
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Table 3 . 1 -

 31 Summary table of number of spherulite observed, number of spherulite/mm 2 and ⊘5mm rods and ⊘3mm rods.

	Condition	⊘5mm (200A) ⊘3mm (200A)
	Total number of slices observed	11	15
	Total number of spherulite observed for each condition	69	4
	Mean number of spherulite/mm 2	0,3	0,04
	Mean diameter for on spherulite (µm)	172	76
	Maximum diameter observed (µm)	740	118
	Minimum diameter observed (µm)	37	32

Table 3 . 2 -

 32 Summary table of mean, standard deviation (SD) and Variance of the number of spherulite/slice and spherulite's mean surface for each arc intensity (200,300 and 400A) used in Fig.3.3.

		Condition	200A	300A	400A
		Total number of slices observed	15	16	19
	Fig. 3.3A	Mean number of spherulite/slice SD	0,3 0,7	1,1 1,5	1,1 1,2
		Variance	0, 52	2,12	1,39
		Total number of spherulite observed for each condition	4	18	20
	Fig. 3.3B	Mean area for one spherulite (µm2) SD	4250 4230	3730 2920	5670 7000
		Variance	1.78x10 7 8.52x10 6 4.90x10 7
	112	2022 -Laurabelle Gautier -MATEIS laboratory		

Table 3 . 3 -

 33 Summary table of average Vickers hardness on amorphous matrix with standard deviation measured at 0.5kgF for the following three conditions 200, 300 and 400A (10 measurements per condition) as the arc intensity value used to manufacture the 3mm rods.

Table 3 . 4 -

 34 Summary table of the data plotted in Fig.3.4. It gathers the average surface area of crystallized samples in % (15 measurements per rod), standard deviations and variances for each of the four rods tested in four-point bending.

	Sample	14 melts -sample 1 14 melts -sample 2 6 melts -sample 3 6 melts -sample 4
	Mean of cumulative crystalline matter/slice(%)	3.6	0.3	0.8	3.6
	SD(%)	2.5	0.4	0.7	3.3
	Variance	6.0	0.2	0.4	10.9

  GRA 15] [SU 12][DON 12][SUH 00]. According to this result, it is believed that hydrogen is, in the case of the Ti 40 Cu 36 Zr 10 Pd 14 grade, depending on where 128 2022 -Laurabelle Gautier -MATEIS laboratory
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Table 4 .

 4 1 -A summary of additional elements tested on Ti 40 Cu 36 Zr 10 Pd 14 published in the literature. extra element on Ti 40 Cu 36 Zr 10 Pd 14 Cu 36 Zr 10 Pd 14 grade

	T i42.75Zr9.5P d9.5Cu29.45Sn3.8N b5	T i43.2Zr9.6P d9.6Cu29.76Sn3.84N b4	T i43.65Zr9.7P d9.7Cu30.07Sn3.88N b3	T i44.1Zr9.8P d9.8Cu30.38Sn3.92N b2	Sn + Ta and Sn+Nb T i42.75Zr9.5P d9.5Cu29.45Sn3.8T a T i44.55Zr9.9P d9.9Cu30.69Sn3.96N b1	T i43.2Zr9.6P d9.6Cu29.76Sn3.84T a4	T i43.65Zr9.7P d9.7Cu30.07Sn3.88T a3	T i44.1Zr9.8P d9.8Cu30.38Sn3.92T a2	T i44.55Zr9.9P d9.9Cu30.69Sn3.96T a1	Sn T i 40 Zr 10 Cu 36-x P d 14 Snx (x = 0, 2, 4, 6 at.%)	Tested Tested composition
					Dc in the range of 3 to 5mm					Dc = 10mm	Trg is the highest for Sn =2at.%,	Reduced glass transition (Trg = Tg /T l )	GFA /Critical diameter (Dc)/
				significantly improved	than the basic composition [OAK 09] and the corrosion resistance is not	Mechanical properties are worse				Compressive, tensile than the Ti 40 [ZHU 08a] and fatigue tests exhibit lower performance [ZHU 12]	General trends Ref

Table 4 . 2 -

 42 Summary of the atomic composition for the five previously identified phases in EDXS took on the areas pointed in Fig. 4.4.

	Phase/at.% Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
	Ti	65	51	35	45	26
	Cu	21	38	32	38	43
	Zr	4	3	21	8	15
	Pd	10	8	11	9	16

  • The phases of the Ti 40 Cu 36 Zr 10 Pd 14 master alloy seems to be different acoording to EDXS and XRD from those of the spherulites (Ti 40 Cu 36 Zr 10 Pd 14 BMG) which are probably transition phases frozen during casting. • The Ti 40 Cu 36 Zr 10 Pd 14 master alloy is a little bit more sensitive to corrosion than its amorphous counterpart. • The Ti 40 Cu 36 Zr 10 Pd 14 master alloy's phases which richest in Cu and Pd are found to be the most sensitive to dissolution because these two elements easily form chloride complexes under the test conditions.

Table 4 . 3 -

 43 Summary of the three chemical compositions targeted for the remaining part of the study. The phases 1 and 2 seems to be more resistant to corrosion and as counter example the phase 5 has been picked.Their(T i+Zr) (Cu+P d) ratio were calculated.

(at.%)

/Phase Basic compo Ti 65 Cu 21 Zr 4 Pd 10 Ti 51 Cu 38 Zr 3 Pd 8 Ti 26 Cu 43 Zr 15 Pd 16

  Y (Ti+Zr) 50 (Cu+Pd) 50 (Ti+Zr) 69 (Cu+Pd) 31 (Ti+Zr) 54 (Cu+Pd) 46 (Ti+Zr) 41 (Cu+Pd) 59

	Ti	40	65	51	26
	Cu	36	21	38	43
	Zr	10	4	3	15
	Pd	14	10	8	16
	(Ti+Zr) (T i+Zr) (Cu+P d)	1	2.2	1.2	0.7

X (Cu+Pd)

  The average hardnesses are 324, 339 and 472 HV (at 0.3kgF) for Ti 65 Cu 21 Zr 4 Pd 10 (1), Ti 51 Cu 38 Zr 3 Pd 8 (2) and Ti 26 Cu 43 Zr 15 Pd 16 (5), respectively. It can be seen that the hardness of Ti 26 Cu 43 Zr 15 Pd 16 alloy (

		Ti 65 Cu 21 Zr 4 Pd 10	Ti 51 Cu 38 Zr 3 Pd 8	Ti 26 Cu 43 Zr 15 Pd 16	Ti 26 Cu 43 Zr 15 Pd 16
		1	2	5	5
		0,3kgF	0,3kgF	0,3kgF	1kgF
	Mean	327	339	472	525
	SD	8	18	34	51

  Chapter 4 -Exploring the Ti 40 Cu 36 Zr 10 Pd 14 alloy in its equilibrium state and potential new compositions derived from the basic grade • It is believed that, with some changes in the composition, spherulite formation could be prevented and corrosion resistance could be improved by increasing the (T i + Zr) (Cu + P d) ratio.
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Table 4 . 5

 45 Ti 40 Cu 36 Zr 10 Pd 14 0.4 0.36 0.1 0.14 6.77 Ti 65 Cu 21 Zr 4 Pd 10 0.65 0.21 0.04 0.1 8.04 Ti 51 Cu 38 Zr 3 Pd 8 0.51 0.38 0.03 0.08 8.47 Ti 26 Cu 43 Zr 15 Pd 16 0.26 0.43 0.15 0.16 10.73 162 2022 -Laurabelle Gautier -MATEIS laboratory Conclusion and Perspectives It is indeed Ti 26 Cu 43 Zr 15 Pd 16 which has the highest entropy (but does not officially fall into the high entropy category ∆S mix > R × 1.61 = 13.38). Again, an attempt to eliminate porosities (Appendix A.5) in the Ti 26 Cu 43 Zr 15 Pd 16 rod or a change in the processing method could allow us to study this composition in more details and better draw the parallel between metallic glasses and HEA.

	c i (atomic fraction)	Ti	Cu	Zr	Pd ∆S mix
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A.1 Porosities

Laboratory X-Rays tomography was used to check the absence of porosities in the rods before mechanical tests (Chapter 3). The precaution was useful, some isolated, but large porosities were observed (Fig. A.1). They were easy to spot and avoid when cutting the specimens. The following figures show that the larger the diameter, the larger the number of pores. For a diameter of 2mm, there are hardly any and very small. For the 3mm diameter, they are punctual but a bit bigger. For diameter 4mm, there are many more porosities in the rod's core, in the shape of "small plates" (flat and extended). It is assumed that this shape corresponds to the contraction of the material during crystallization. For the 5mm diameter, the porosities are even more numerous and more extensive, one can even distinguish cracks.Those cracks and porosities are probably due to shrinkage phenomenon during material processing. 172

-Laurabelle Gautier -MATEIS laboratory

Appendix A -Use of X-ray tomography to detect defects in metallic glass rods A large majority of dental implants are currently made of Titanium and it alloys. Those dental implants exhibit very good properties and show excellent clinical outputs, although they have now reached a plateau in terms of mechanical and corrosion resistance properties. There is a trend today to decrease the size of implants to preserve the bone stock, but also to get rid of the potential harmful elements and accelerate the bone reconstruction around the implant.

Titanium based amorphous alloys have been describes in literature as very promising biomaterials, with potentially very high mechanical strength and corrosion properties. However, there are still no metallic glass medical devices on the market… Within this PhD work, the case of Ti40Cu36Zr10Pd14 BMG has been investigated as one of the most promising material to manufacture minimally invasive dental implants. Here we focus on two major drawbacks, hardly mentioned in the literature. First, its resistance to corrosion is limited. Second, during its manufacture (by copper mold suction casting) spherical crystalline defects (often referred as spherulites) appear and may severely compromise its tensile strength. The first part of the manuscript focuses on the impact of those spherulites on mechanical properties and corrosion resistance. The second part deals with the identification of the nucleation/growth mechanism of these spherulites. The third part deals with the influence of casting parameters on the appearance of these spherulites and the lack of manufacturing process reliability. Finally, a last more explorative part focuses on the master alloy of Ti40Cu36Zr10Pd14 grade and the interest of modifying the atomic distribution to overcome the two major drawbacks mentioned above