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ABSTRACT

Bioresorbable materials, like magnesium alloys, offer promising prospects in medical implants,
naturally degrading within the body and negating removal surgeries. Yet, challenges persist in enhancing
their corrosion resistance and biocompatibility. This study delves into magnesium alloys' behavior in
simulated body fluids, exploring methods for bolstering corrosion resistance via surface functionaliza-
tion. Such advancements are pivotal in advancing medical implant technology and ameliorating patient
outcomes. Additionally, Wire Arc Additive Manufacturing (WAAM) emerges as a cost-effective solution
for fabricating intricate, patient-specific implants, including magnesium alloys, augmenting biocompat-
ibility and integration. Electrodeposited TiO, coatings further enhance implant properties, warranting op-
timization for tailored biomedical applications.

This work aimed to the functionalization of WAAM-printed Magnesium based AZ61A alloy sam-
ples with TiO, coatings applied via Electrodeposition, to improve the substrates resistance to corrosion
and degradation. The surfaces were characterized using Raman Spectroscopy and XRD, with SEM anal-
ysis being used to detail microstructure morphology. To access the potential benefits of the TiO, coating,
corrosion resistance and electrochemical activity of coated and uncoated substrates were assessed
through Cyclic Voltammetry, alongside mass variation analysis in static in-vitro degradation tests. The
study concluded that coating the WAAM substrates with TiO, potentially enhances their corrosion re-
sistance in electrochemical activity and degradation under simulated human body conditions. Optimal
electrodeposition TiO, parameters were determined to be 1V for 45 minutes, with TiCl, as a precursor.
At these voltage parameters, the samples exhibited thicker and more homogeneous coatings compared
10 0.5V, where the coating was heterogeneous, or 1.5 and 2V, where cluster aggregation occurred. Dep-
osition times of 15 and 30 minutes resulted in thinner layers, while deposition times of 60 minutes led
to decreased surface homogeneity. In accordance with this research, the TiO, coating was able to re-
duce the alloy degradation in-vitro, also creating a corrosion protective behavior in electrochemical ac-
tivity.

Keywords: Bioresorbable materials, Electrodeposition, Titanium Dioxide, WAAM, AZ61A
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RESUMO

Os materiais bio absorviveis, como as ligas de magnésio, oferecem perspetivas promissoras
em implantes médicos, degradando-se naturalmente no corpo e dispensando as cirurgias de remocao.
No entanto, persistem desafios para melhorar a sua resisténcia a corrosao e biocompatibilidade. Este
estudo investiga o comportamento das ligas de magnésio em fluidos corporais simulados, explorando
métodos para reforgar a resisténcia a corrosao através da funcionalizagao da superficie. Estes avangos
sao fundamentais para o progresso da tecnologia de implantes médicos e para melhorar os cuidados
com os doentes. O Fabrico Aditivo por fio e arco (WAAM) surge como uma solugédo econdémica para o
fabrico de implantes complexos e especificos para cada doente, incluindo ligas de magnésio, aumen-
tando a biocompatibilidade e a integracdo. Os revestimentos de TiO, por eletrodeposicao melhoram as
propriedades dos implantes, justificando a otimizacao para aplicacdoes biomédicas personalizadas.
Este trabalho teve como objetivo a funcionalizagdo de amostras de liga de magnésio AZ61A impressas
por WAAM com revestimentos de TiO;aplicados por eletrodeposicao, para melhorar a resisténcia dos
substratos a corrosao e a degradacéo. As superficies foram caracterizadas usando espetroscopia Ra-
man e XRD, com andlise SEM sendo usada para detalhar a morfologia da microestrutura de superficie.
Para avaliar os potenciais beneficios do revestimento de TiO,, a resisténcia a corrosao e a atividade ele-
troquimica dos substratos revestidos e nao revestidos foram avaliadas através de Voltametria Ciclica,
juntamente com a analise da variagao de massa em testes de degradacao estatica in-vitro. O estudo
concluiu que o revestimento dos substratos WAAM com TiO2 pode aumentar a sua resisténcia a corro-
sao em atividade eletroquimica e degradagao, em condi¢des de corpo humano simuladas. Os pardme-
tros de eletrodeposicéo de TiO, foram otimizados a 1V durante 45 minutos, com TiCl, como precursor.
Com estes pardmetros, as amostras apresentaram revestimentos mais espessos € homogéneos em
comparagao com 0,5 V, onde o revestimento era heterogéneo, ou 1,5 e 2 V, onde ocorreu a agregagao
de aglomerados. Os tempos de deposi¢ao de 15 e 30 minutos resultaram em camadas mais finas, e 60
minutos levaram a um revestimento heterogéneo. Observou-se que o revestimento de TiO, reduziu a
degradacao da liga in-vitro, criando também um comportamento protetor da corrosao na atividade ele-
troguimica.

Palavas chave: Biomateriais absorviveis, Eletrodeposi¢ao, Dioxido de Titénio, WAAM, AZ61A
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INTRODUCTION

The purpose of the following dissertation is the surface functionalization of resorbable biomed-
ical implants with metallic oxides. Resorbable biomaterials are designed to gradually degrade and be
absorbed by the surrounding tissues over time. This unique characteristic, when combined with the
study of specific metallic oxides coatings, offers several distinct advantages in medical applications,
enhancing the biocompatibility of resorbable biomaterials, promoting better integration with biological
tissues, and mitigating the risk of adverse reactions or immune responses commonly associated with
implants. Furthermore, titanium dioxide (TiO,) coatings have been researched for their ability to impart
antimicrobial properties to resorbable materials, reducing the risk of infections while improving corro-
sion resistance, which is critical in surgical settings and represent a groundbreaking innovation with pro-
found implications for medical practice and patient care. By providing temporary structural support or
scaffolding during tissue repair and regeneration processes, resorbable biomaterials with TiO, coatings
facilitate natural healing mechanisms without impeding long-term tissue function, fostering advance-
ments in regenerative medicine and tissue engineering as temporary orthopedic and vascular implants.

This work aims to obtain bioresorbable metallic alloys using wire and arc additive manufacturing
(WAAM) and functionalize the substrates surface with a defect free TiO, coating through cathodic elec-
trodeposition (ED). The ED parameters that were optimized towards the printed substrates will be pre-
sented in detail. We also aimed to the characterization of the coating surface morphology, as well as the
behavioral differences between coated and uncoated substrates in electrochemical activity, corrosion
resistance and in-vitro degradation under simulated body fluids.

This documentis divided into 6 chapters: Chapter 2 is related to the theoretical concepts, where
the WAAM method, bioresorbable materials and TiO, surface functionalization topics are discussed;
Chapter 3is the State of the Art focusing on the Magnesium in biomedical alloys and TiO, coating studies;
Chapter 4 is an description of the Materials and Methods used during this project; In Chapter 5 the re-
sults obtained along with their discussion will be presented. Chapter 6 will approach the conclusions of

the work, regarding the proposed objectives and future perspectives.






2

SUMMARY OF THEORETICAL CONCEPTS

In this chapter, some theoretical concepts will be presented. | will address the concept of biomaterials,
dwelling into absorbable biomaterials with an emphasis on magnesium and introducing the WAAM tech-

nique in their development. Finally, titanium dioxide and its properties as a coating will be discuss.

2.1 Bioresorbable Materials

The remarkable progress in medical science and technology has significantly enhanced human
life expectancy and overall well-being. One of the most notable advancements is the development of
various biomaterials. Biomaterials encompass both inorganic and organic substances designed to rep-
licate physiological components or processes. Depending on their interaction with host tissues, bio-
materials are broadly categorized into biotolerant, bioactive, and bioinert materials. They come in forms
such as polymers, ceramics, and metals, and their suitability for use in physiological environments de-
pends on their ability to exhibit excellent biocompatibility, provoke an appropriate biological response,
possess suitable mechanical properties, demonstrate superior corrosion resistance, and exhibit high
fatigue resistance. [1]. Metallic implants are extensively utilized in orthopedic, cardiovascular, and oral
applications among various types of implant materials. These traditional implant materials, such as
stainless steels, titanium, and cobalt-chromium alloys, offer commendable resistance to corrosion,
wear, and fatigue, coupled with exceptional load-bearing capacities [2]. However, these alloys also con-
tribute to various negative effects, including stress shielding and inflammation of local tissues due to a
potential release of cytotoxic ions [3]. Additionally, when used as temporary implants (such as plates,
screws, and wires), a second surgery is generally required to remove the implant after the tissues have
healed, which leads to increasing patient morbidity and health care costs. Materials that gradually de-
grade in-vivo with a healthy host response are known as bioresorbable, biodegradable, or bioabsorbable
materials. Their derivatives are completely absorbed with no debris and with only minimally hazardous

side effects, dissolving completely while supporting tissue repair [4].



Although polymers are dominant in the current medical market, Mg-based, Fe-based and Zn-
based alloys have been proposed as better biodegradable materials for load-bearing applications due
to their superior combination of strength and ductility over polymers [5]. The conventional approach to
metallic biomaterials emphasizes corrosion-resistant metals for use within the body. However, a novel
category of materials known as "biodegradable metals" (BMs) has recently challenged this paradigm,
offering an alternative for biomedical implants. BMs can be defined as metals designed to gradually cor-
rode in vivo, prompting a suitable host response through the release of corrosion by-products, and ulti-
mately dissolve completely once their role in tissue healing is fulfilled, leaving no residual implant. Thus,
BMs primarily consist of essential metallic elements metabolizable by the human body, showcasing ap-
propriate degradation rates and modes within the physiological environment. The typical mode of deg-
radation in BMs is through a corrosion process. The corrosion generally proceeds by an electro-chemical
reaction with electrolyte to produce oxides, hydroxides, hydrogen gas, or other compounds. Thus, im-
plant materials that ‘corrode’, such as magnesium alloys, are currently attracting significant interest [6].
Bioresorbable metals are breaking the current paradigm in bio-material science to develop only corro-
sion resistantimplants. Metals which consist of trace elements existing in the human body are promising
candidates for this approach. The purpose of biodegradable implants and coatings is to support tissue
regeneration and healing in a specific application by material degradation and concurrent implant re-
placement through the surrounding tissue. Biodegradable metals have an advantage over existing bio-
degradable materials such as polymers, ceramics or bioactive glasses in load bearing applications that
require a higher tensile strength and a Young’s modulus that is closer to bone. Due to their favorable
mechanical properties and biocompatibility, as well as the capability to control their rapid corrosion
rates, magnesium and its alloys have garnered significant interest as temporary bio-implants. While
magnesium's ability to safely biodegrade and its natural biocompatibility render magnesium alloys suit-
able for temporary implants, their high corrosion rates present a challenge, as they may degrade before
the healing process concludes. Various methods, including alloying with different elements and surface
modification have been investigated to enhance the biocompatibility and corrosion resistance of differ-
ent Mg based alloys [1], [7], [8], [9].

2.1.1 Magnesium

Magnesium (Mg) is a lightweight, silvery-white metal commonly utilized as an alloy in engineering appli-
cations due toits inherent weakness in its pure form. Magnesium (Mg) metal possesses a lower standard
electrode potential compared to hydrogen, allowing it to degrade into Mg ions and hydrogen gas when
immersed in an aqueous solution under standard conditions. As the fourth most abundant cation in the
human body, and the second most abundant intracellular cation after potassium, magnesium (Mg*)
plays a crucial role in hundreds of biochemical reactions and is essential for the formation of bone and

soft tissue, being an essential cofactor for diverse metabolic reactions involving more than 300 enzymes



within the human body. The Tolerable Upper Intake Level for adults is 350 mg/day as average healthy
adult requires 24-30 grams of magnesium to maintain regular bodily functions (distributed approxi-
mately 53% in bone, 27% in muscle, 19% in soft tissues, and less than 1% in the serum), with the rec-
ommended daily allowance (RDA) set between 310-420 mg to ensure overall health and no systemic
toxicity or infection effects. Excess magnesium ions can be safely transported through the circulatory
system and efficiently excreted via urine and feces without causing adverse effects although excess
magnesium typically leads to bowel intolerance, with diarrhoea being the initial sign of excess [10], [11],
[12],[13],[14].

At 20°C, the density of Mg and its alloys is approximately 1.74 g/cm?, making it 1.6 times less
dense than aluminium and 4.5 times less dense than steel. Interestingly, Mg's density is slightly lower
than that of natural bone, which typically ranges from 1.8 to 2.1 g/cm?. Additionally, the elastic modulus
of pure Mg is around 45 GPa, which closely aligns with the 40 to 57 GPa range of human cortical bone.
This similarity in elastic moduli suggests that using Mg in hard tissue engineering applications could min-
imize the risk of bone stress shielding and prevent bone resorption in the human body [15], [16], [17].
Consequently, magnesium-based metals mechanical properties to human cortical bone, coupled with
its biocompatibility represent a novel class of metallic biomaterials position it as a promising material
for the development of biodegradable biomedical implants [18], [19].

The major disadvantage of using Mg in many engineering applications is its low corrosion re-
sistance, especially in electrolytic, aqueous environments where it rapidly degrades[20]. The medical
application of Mg-based implants has been significantly limited due to the electrolytic aqueous environ-
ment of chloride-rich bodily fluids, with a pH typically ranging between 7.4 and 7.6. The rapid corrosion
rate of Mg implants leads to a swift evolution of subcutaneous hydrogen gas and can create gas bubbles
adjacent to the implants, leading to the separation of tissues and/or tissue layers. Mg high corrosion rate
within the body may also restrict its usage in various applications due to the destruction of its mechani-
cal integrity particularly in load-bearing applications [21], [22].

The body fluids consist of water, dissolved oxygen, proteins, and electrolytic ions such as chloride
and hydroxide. In such an environment, magnesium, with an electrochemical potential of -2.37 V, is
highly prone to corrosion, leading to the migration of free ions from the metal surface into the surrounding
fluid environment. These ions have the potential to form various chemical species, including metal ox-
ides, hydroxides, chlorides, and other compounds. From a thermodynamic perspective, assuming no
barrier to the oxidation of the metal surface, the reaction would proceed rapidly, generating hydrogen
gas and depleting the metal substrate surface. However, the electrochemical reaction also results in the
migration of ions from the metal surface into the solution, where they form species contributing to the
formation of an oxide layer adhering to the metal surface [23], [24].

The corrosion of Mg in an aqueous physiological environment can be expressed in the following
equations, with the primary anodic reaction expressed by the partial reaction presented in equation (R1),

while the reduction of protons is expressed by the partial reaction occurring at the cathode (R2).



Mg - Mg?* + 2e” R1
2H,0+ 2e” - 20H™ R2

Magnesium (Mg) exhibits high reactivity upon contact with water and transforms into magnesium
hydroxide (Mg(OH).) (Reaction 3). In both acidic and neutral environments, this product is soluble, ren-
dering it non-protective. The dissolution of the hydroxide layer raises the pH value, making it more diffi-
cult to dissolve further as magnesium hydroxide exhibits lower solubility in alkaline environment precip-
itating Mg(OH).. Within the human body, this undesired pH increase in surrounding tissues can also neg-
atively impact cell viability. Furthermore, magnesium can also form MgO (Reaction 4), when in contact
with O,, which is more soluble, saturating the surface water layer and also promotes the precipitation of
Mg(OH)z.

Mg(s) + 2 H,0y = Mg(OH),() + Hyg) R3

2 Mg(s) + Oz(g) -2 MgO(S) R4

Solid state Magnesium and the Mg(OH). layer formed on the metal surface is slightly soluble and
reacts with Cl ions to produce highly soluble magnesium chloride and hydrogen gas (Reactions 5 and
6). When the layer fully covers and seals the metal surface, it forms a kinetic barrier or passive layer that
physically limits or prevents further migration of ionic species across the metal oxide solution interface.
The disappearance of the hydroxide layer due to chloride ions hastens the corrosion of magnesium and
magnesium alloys. The corrosion of magnesium in an aqueous physiological environment can be de-

scribed by the following equations.
Mgs) + 2Cl5q) = MgCly + 2 e R5

Mg(OH), (5) + 2 ClGq) = MgCl, + 2 OH™ R6

The unfortunate complication arises from the fact that pure magnesium corrodes too rapidly in
the physiological environment's pH range of 7.4-7.6 and high Cl content. As aresult, it loses mechanical
integrity before the tissue has adequately healed and produces hydrogen gas in the corrosion process at
a rate too fast for the host tissue to manage. The other reaction product, magnesium hydroxide, exhibits
partial solubility and in the body's high-chloride environment with a neutral pH, magnesium hydroxide
converts to magnesium chloride (MgCL,), which is fully soluble [17], [25], [26], [27].

Within the human body magnesium can also react in the presence of calcium, phosphate and
carbonate ions, forming new substances. The main intermediate product deposits on the surface of Mg-
based metals are: Mg(OH),, MgCQOs3;, Mg3(PO,),, CaCOs3, and Cas(PO4).[17]. Those are represented in the

following reactions.



OH™ + HCO3 - C0%™ + H,0 R7

Mg?*™ + C03~ — MgCO, R8
H,P0; /HPOZ~ + OH™ - PO}~ + H,0 R9
Mg?* + PO}~ - Mg3(P0,), R10

Regarding this work, the focus shifted mainly to Magnesium Hydroxide Mg(OH),, Magnesium Ox-
ide (Mg0O) and magnesium phosphate Mg3(PQO.),, as it was used a PBS (Phosphate Buffer Solution) to
simulate the corrosion effects of Mg in the human body. These species can precipitate on the Mg surface
due to their low solubility in physiological conditions. These precipitates can accumulate on the Mg sur-
face, contributing to corrosion processes and affecting the performance of Mg-based implants or de-
vices[28], [29], [30]. Several possibilities exist to tailor the corrosion rate of magnesium. Alloying is an
important way to improve corrosion resistance and mechanical properties of magnesium. Protective
coatings and surface treatments can also be applied to improve the corrosion resistance, biological
compatibility, and biological activity of magnesium-based implants. Aluminum-containing magnesium
alloys, particularly those in the AZ series (Mg—Al-Zn system), are widely used industrially. Alloying mag-
nesium with aluminum results in reduced corrosion rates and increased tensile strength. Increasing the
aluminum content from 1 to 5 wt.% promotes the formation of equiaxed grains and reduces their size.
Additionally, alloying with zinc (up to 1 %) further enhances corrosion resistance and strength at room
temperature[9], [26], [31], [32], [33], [34], [35], [36], [37].

AZ61Ais aMagnesium based alloy, comprising aluminum (Al) at 6.5%, zinc (Zn) at 1.1%, and trace
elements like manganese (Mn), nickel (Ni), and iron (Fe). Among these, aluminum serves as the principal
alloying element, offering solid solution strengthening and enabling age hardening in magnesium alloys.
The addition of zinc in minor quantities (1%) enhances the castability and corrosion resistance of mag-
nesium alloys. With a specific gravity of 1.74 g.cm™ and tensile strength comparable to Al-Mg or Al-Mg—
Si alloys, AZ61A is widely employed in structural applications due to its notable specific strength [38].
In Figure A-6-3 some mechanical properties of the AZ61A commercial alloy are shown. In general com-
parison magnesium alloys offers extremely close proprieties (Table 2-1) to those of natural bone, like
density and elastic modulus[39] and with alloying elements present in the human body[40]. The unique
properties of magnesium and its alloys make them ideal candidates for additive manufacturing in the
realm of bioresorbable implants. Their biocompatibility, mechanical strength, and corrosion resistance

offer promising avenues for further exploration and innovation in this field.

Table 2-1 Physical and mechanical properties of human bone, Mg and Ti alloy [39]

Properties Naturalbone | Magnesium | Titanium alloy
Density (g/cm?) 1.8-2.1 1.74-2 4.4-4.5
Compressive Yield Strenght (MPa) 3-20 41-45 110-117
Elastic Modulus (GPa) 130-180 65-100 758-1117




2.2 Wire and Arc Additive Manufacturing (WAAM)

Additive manufacturing (AM) is an 3D printing manufacturing technique that constructs three-di-
mensional objects by sequentially adding thin layers of material, guided by computer control, and based
on a digital model. This technology has gained significant academic as well as industry interest [41], [42]
due toits ability to create complex geometries with customizable structures and material properties and
several other benefits over traditional subtractive manufacturing[43], [44]. It presents several ad-
vantages for biomedical implants[45]. It allows for the fabrication of intricate geometries and internal
structures, which are difficult to achieve with traditional methods. This capability enables the customi-
zation of implants to match patient-specific anatomies, enhancing their functionality, fit and fast proto-
typing[46]. AM also facilitates iterative design processes, reducing development time and production
costs. Additionally, it minimizes resource waste by building parts layer by layer, using only the required
amount of material[47] and enables the integration of multiple bioresorbable materials into a single
component[48], offering opportunities for tailored properties and enhanced biocompatibility and poten-
tially promoting tissue integration, vascularization, and osseointegration[49]. AM fundamentally relies
on a heat source to melt the feed material, depositing it layer by layer to construct a predefined compo-
nent. One of AM techniques is directed energy deposition (DED). DED additive manufacturing tech-
niques employ thermal energy to melt and fuse materials during layer deposition. AM presents numer-
ous advantages over traditional manufacturing methods, making it especially appealing for fabricating
bioimplants with intricate geometries tailored to meet the specific requirements of individual patients
[50].

Wire arc additive manufacturing (WAAM) is a type of directed energy deposition (DED) technique
that utilizes wire feedstock instead of powder, simplifying the deposition process. In WAAM, an arc-gen-
erated plasma melts the wire, which is then deposited onto a substrate mounted on a manipulator. Un-
like powder bed fusion (PBF) systems, WAAM allows for faster production with fewer post-fabrication
processes. WAAM encompasses three wire-based welding methodologies: GMAW/MIG (Gas metal arc
welding and Metal inert gas), PAW (Plasm arc welding), and GTAW/TIG (Gas tungsten arc welding and
Metal inert gas). MIG is the most common in WAAM, where an electric arc is formed between the con-
sumable filament and the metal workpiece. TIG and PAW utilize a non-consumable tungsten electrode,
creating an electric arc with the workpiece. The possibility pf controlling the heat source is easier with a
plasma arc compared to laser or electron beam sources, enabling better control overheat penetration
depth. Wire-feed-based AM processes are also more user-friendly and less hazardous to health com-
pared to powder-feed-based processes. Moreover, using wire as a material feed reduces the risk of con-
tamination and oxidation, as wires have a lower surface-to-volume ratio than powders. Since WAAM
does not involve recycling and reusing powder, it does not compromise the quality of fabrication [51].
Unlike more conventional methods like Selective Laser Sintering (SLS) and Electron Beam Melting

(EBM), DED, particularly Wire Arc Additive Manufacturing, offers advantages such as high energy



efficiency, deposition rate, and cost-effectiveness[52], [53], [54], since wire feed orientation and weld-
ing parameters variations impact deposit consistency and process planning complexity[55], [56], [57]-
The process, represented in Figure 2-1 is characterized by its simplicity, versatility, and advantages such
as high energy efficiency, deposition rate, and cost-effectiveness, making it suitable for large-scale fab-
rication projects. WAAM allow to obtain fully dense parts with improved mechanical properties and has
the potential to create dedicated biomedical-based substrates with potential application for biomedical
implants[58], [59].

Component ===
R

Substrate

Figure 2-1 Illustration of the WAAM process (left) [60] and photo of the KEMPPI GMAW welding machine, model Pro MIG 501
used in this work [39] (right).

Magnesium-based biomaterials have unique properties that make them a natural choice for the
development of biomedicalimplants, but due to their intricate shape and design, magnesium-based ma-
terials find it difficult to replicate the hierarchical structures of bones using traditional production pro-
cesses like casting and other thermo-mechanical processing. Any complex geometry and nearly net
shape of the components can be manufactured with additive manufacturing (AM), making Mg alloy with
satisfactory compositional, microstructural, and design requirements[50], [61].

Overall, WAAM holds significant promise for the fabrication of Mg-based biomedical implants, but
further research and development are needed to address the existing challenges and fully exploit its po-

tential in the medical field.

2.3 Surface Functionalization

As stated above magnesium alloys usually corrode too quickly in the human body, but various
advances have been made to retard its fast degradation, such as surface modification as it has been
proved to be an effective method to make Mg degradation adjustable and improve biocompatibility. From
the viewpoint of corrosion resistance, different coatings showed varied degradation behaviours, which
is dependent on the formation technique [62], [63], [64].

The surface of an implant serves as the primary site for interactions between the implant and host
cells or tissues. Surface-related attributes, including topography, energy, and chemical composition,

play crucial roles in determining the implant's corrosion resistance, tissue integration, and overall



quality. By modifying the surface of the implant, it is possible to alter its final characteristics, ensuring
that the surface provides distinct functions compared to the bulk implant. This surface modification en-
ables tailored interactions with the surrounding biological environment, enhancing the implant's perfor-
mance, corrosion resistance and compatibility with the host tissue [65], [66], [67], [68].

Nowadays, a variety of surface coating techniques, including electrochemical deposition, sol-gel,
sputter deposition, spray deposition, biomimetic deposition[69], as well as coating materials, such as
CaP[70], TiO,, ZrO, and ZnO [71]have been proposed to induce favourable properties to the surface of
the biomaterials. Surface functionalization of magnesium alloys improves the mechanical properties,
biocompatibility and is one of the most effective ways to prevent corrosion [72], [73].

Our work focused on the surface functionalization of WAAM printed Mg-based AZ61A alloy sub-
strates, using titanium dioxide (TiO,) applied through electrodeposition, to protect the substrate surface

and control magnesium corrosion and degradation rates.

2.3.1 Titanium Dioxide

Titanium dioxide (TiO,) is a semiconductor metallic oxide and currently one of the most widely
utilized materials due to its versatile properties and applicability across various industries including aer-
ospace, automotive, electronics, construction, and healthcare [74]. In its pure form, TiO, exists as a
white crystalline powder and is well known for its numerous advantages which include high photo-cat-
alytic activity, long-term stability, photosensitivity, and antimicrobial properties [75], [76], [77], [78],
[79], [80].

Research has delved into the biomedical applications of TiO,, encompassing a diverse array of
functional applications, including photodynamic therapy for cancer, cell imaging, biosensors for biolog-
ical assays, and genetic engineering [81], [82]. Currently TiO, finds applications in numerous biomedical
areas, including orthopaedics, dentistry, drug delivery systems, and tissue engineering as it promotes
tissue integration and inhibits bacterial growth [77], [83]. In the context of bioresorbable implants, TiO,
plays a pivotal role in the development of protective coatings for medical devices that serve as a protec-
tive barrier that enhances the biocompatibility and longevity of implant materials. By applying TiO, coat-
ings through techniques such as electrodeposition, researchers can tailor the surface properties of bio-
resorbable materials to meet specific biomedical requirements, such as corrosion resistance, tissue in-
tegration, and controlled degradation rates [35], [84], [85], [86], [87], [88], [89], [90].

Its biocompatibility, chemical stability, and low toxicity make TiO, an ideal candidate for use in
medical implants and devices that interact with biological systems. The main goal of our work was to
deposit a TiO, coating on the AZ61A Mg alloy substrates to improve their degradation rate improving bi-

oactivity, biocompatibility, and anti-bacterial performance.
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TiO, can occur as one of three major crystal structures: the stable rutile (tetragonal, a=b =4.584
A, ¢ =2.953 A), meta stable anatase (tetragonal, a =b =3.782 A, ¢ =9.502 A) and brookite (rhombohe-
dral,a=5.436 A,b=9.166 A, c =5.135A) [79], [91].

Shape

A = B isotropic

Rutile

A > B elongated

Anatase

Figure 2-2 Bulk crystal structure of rutile (left) and anatase (right). Titanium atoms are gray, and oxygen atoms are red. (Ob-

tained from [80] (left) and morphology of anatase nanocrystals (right) [92] )

The brookite structure has received less attention in experimental investigations compared to ru-
tile and anatase crystals. Figure 2-2 is a schematic representation of both crystal structures which can
be characterized by chains of TiOs octahedra, wherein each Ti*" ion is surrounded by a coordinated oc-
tahedron of six O% ions. The distinction between the two crystal structures lies in the distortion of each
octahedron and the arrangement of the chains of octahedra. In rutile, the octahedron exhibits a slight
orthorhombic distortion, while in anatase, the distortion is more pronounced, resulting in lower sym-
metry compared to orthorhombic. Anatase also features larger Ti-Ti distances and shorter Ti-O dis-
tances compared to rutile. In the rutile structure, each octahedron interacts with 10 neighbouring octa-
hedra, sharing oxygen pairs along edges with two neighbours and sharing corner oxygen atoms with eight
neighbours. Conversely, in the anatase structure, each octahedron interacts with eight neighbours, shar-
ing both edges and corners with four neighbours.[69], [93]

These differences in lattice structures between the two forms of TiO, contribute to variations in
mass densities, electronic band structures, surface structure, as well as bulk diffusion, surface transfer
capability, and redox potentials. The distinctive properties of TiO,surfaces are also influenced by factors
such as size and shape as rutile is considered the most stable phase for particles with sizes exceeding
35 nm whereas anatase is regarded as the most thermodynamically stable for nanoparticles with sizes
below 10-20 nm.[82], [91] Anatase, with its higher surface area and greater number of surface defects,
exhibits enhanced surface reactivity compared to rutile. This increased reactivity enables more efficient
adsorption of molecules and ions onto the surface, making anatase TiO, well-suited for application as
biomedical coatings to improve biocompatibility [94], [95], [96] [97], [98].

Inthe development of this project, it was intended to obtain anatase TiO, to understand the effects
that this phase could have on enhancing the alloy surface properties enhancing biocompatibility, corro-

sion resistance and overall quality, always regarding potential health hazards related to TiO,[99], [100].
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3
STATE OF THE ART

The goal of this chapter is to provide an overview of the recent development of bioresorbable implants,
their production with WAAM method including their usage in the biomedical field. It is also presented a
general overview of TiO, coatings to improve properties of the bioresorbable materials, particularly Mg-

alloy biomedical implants.

3.1 WAAM of Bioresorbable Materials

Inrecentyears, wire arc additive manufacturing (WAAM) has increasingly attracted attention from
the manufacturing sector due to its ability to create large metal components with high deposition rate,
low equipment cost, high material utilization, and consequent environmental friendliness. The origin of
the WAAM process can be traced back to the 1925s when Baker proposed to use an electric arc as the
heat source with filler wires as feedstock materials to deposit metal ornaments[3]. WAAM technology
has seen a growing utilization, with researchers increasingly employing it for industry and academia in
recent years[54]. However, there remains a scarcity of studies exploring WAAM's potential in the bio-
medical field, particularly in enhancing the quality of bioresorbable implants and foster advances in their
potential applications. The study of Soni et al. (2022)[59] showcases the viability of using WAAM to fab-
ricate dense Zn parts for potential biomedical implants. The technique allows to overcome chemical
properties of Zn, enabling the production of defect free samples. The electrochemical response and deg-
radation behavior of WAAM Zn samples closely resemble those of wrought Zn, with minimal differences
observed. It also presented in-vitro cell studies indicate cytocompatibility referring that while WAAM
presents a promising method for near-net-shaped implant fabrication, additional system modifications
are needed to enable substrate movement for complex geometry. Singh et al. (2021)[53] stated to pro-
duce high-quality, defect-free components, it is crucial to align the performance features of the WAAM
process with an understanding of material characteristics establishing a relation between WAAM pa-
rameters and material composition with produced samples microstructure. Similar observations had
been made by Wu et al. (2018)[55] to whom research proposed a quality-based framework to address

high-quality WAAM parts, promising wide application in the future, but stating that research is needed to
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understand the underlying physical and chemical metallurgical mechanisms in WAAM for process opti-
mization and control. Following studies, as the work of Dong et al. (2020)[101] revealed the production
of WAAM Al-Zn-Mg-Cu samples with overall higher tensile properties. The research of Jafari et al.
(2021)[57] addresses WAAM key aspects of heat input and management, emphasizing its impact on
samples shrinkage, deformation, and residual stresses. It also discusses process planning considera-
tions and outlines future research directions to improve component quality and accuracy, particularly
for complex structures. Since then, consistent progress has been made on the development of this tech-
nology, particularly in the last years[52]. So far, metal additive manufacturing towards biomedical appli-
cations is primarily devoted to selected laser melting, which has some limitations especially in what
concerns mechanical durability. WAAM allow to obtain from Mg-Based alloys, fully dense parts with
improved mechanical properties and has the potential to create dedicated biomedical-based substrates

with potential application for biomedical implants, in accord with Zeng et al. (2022)[37].

3.2 Bioresorbable Mg alloy in the biomedical field

In 2014, the studies of Chen et al.[24] approach the concept of smart implant, stating that signif-
icant advancements had been made in the development of magnesium-based alloys and understanding
their in-vitro and in-vivo performance as potential "smart implants". The study found that magnesium
alloys have advantages over Fe-based and Zn-based alloys for biodegradable implants as next-genera-
tion implants demand materials with appropriate mechanical properties, corrosion resistance, excellent
biocompatibility, and bioactivity in the human body. Manivasagam and Suwas [27], in the same year,
said that Mg and its alloys become natural biomaterials as elemental Mg is found in the human body in
abundance. The authors also referred that the Mg mechanical properties are identical to the natural bone
as well as being inherently bioresorbable. Riaz, et al. (2018)[34] stated that the use of Mg as an implant
material reduces the risk of long-term incompatible interaction of implant with tissues and eliminates
the second surgical procedure to remove the implant. Similar research was developed by May, et al
(2020)[102]. Furthermore, Jamel et al. in 2022 found that Zn as an alloying element is highly effective in
promoting alloy strength and biocompatibility, as Mg alloys have elevated corrosion rates, helping main-
tain mechanical integrity for designated healing times[26]. Recently Yi, et al. (2022) [58] research
showed progresses in WAAM of Mg alloy, as it is anticipated to offer a novel approach for producing
custom, intricate components, catering to the needs of different industries. This is directly relevant to
our research question as it suggests that WAAM of Mg alloys provide a good option for biomedical im-
plants, as a new approach in custom bioresorbable implant development. To improve those implants
corrosion resistance as well as biocompatibility and adaptability, alloying[9], [26] and surface function-
alization techniques[103] are investigated in recent years. In this document we will focus on surface
functionalization starting by mentioning Tian and Liu, who in 2014[68] stated that surface modification,

in comparison to alloy designs, offers a more cost-effective solution, provides flexibility in constructing
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multifunctional surfaces, and avoids the need for adding potentially toxic alloying elements. Wan, et al.
(2016)[72] showed that orthopedic implants surface modification through chemical deposition, with bi-
oactive elements, adapts bioresorbable Mg alloys regarding biodegradation, biocompatibility, and me-
chanical loss property. In the review provided by Wieszczycka, et al. (2021)[36] surface functionalization
techniques are described as a fundamental component in the development of smart materials in diverse
industries, including the biomedical field. Furthermore, the work of Su et al. (2022) shows that nature
inspired surface functionalization of metallic biomaterials improves overall biocompatibility and cell ad-
hesion[104]. We follow the work of Peron, et al. (2020 and 2022)[88], [89] investigating the corrosion
resistance enhancement of Mg alloys in Simulated Body Fluid when coated with sputtered TiO, layer,
comparing its effectiveness with a similar coating produced via Atomic Layer Deposition (ALD), and nat-

urally the potential that TiO, revealed attract our attention.

3.3 Titanium Dioxide Coatings

Titanium dioxide (TiO,) is one of the commercially available antimicrobial coatings due to its sta-
bility, reactivity, reusability, durability, and low-cost. Due to its biocompatibility, mechanical strength,
and strong resistance to corrosion, TiO, has numerous applications in the biomedical field [105]. In ad-
dition to the work of Peron, et al, mentioned above, Hou et al. (2020)[106] successfully deposited a TiO,
thin film onto Mg-Zn alloy surface and according to their findings, the corrosion rate of Mg-Zn alloy was
significantly reduced by the application of TiO, coating. Cell experiments further demonstrated the pre-
pared coating’s ability to improve endothelial cell viability and adhesion, significantly reduce hemolysis
and platelet adhesion, and exhibit high biocompatibility. Park et al. (2017) [107] showed that by adjusting
the nucleation growth time in the deposition process, the antibacterial activity against S. aureus could
be improved. The production of reactive oxygen species explains TiO, antibacterial effect. Singh, et al.
(2021) also stated that a TiO— Hydroxyapatite (HA) hybrid coating deposited on Mg alloy improved cor-
rosion resistance[95]. Similar work and conclusions regarding corrosion resistance of a TiO, coating
were obtained since White, et al (2013)[75], with several studies concluding the effectiveness of TiO,
coatings[67],[109], [110]. Regarding our project the focus relay on the use of the Electrodeposition pro-
cess[111],[112],[113].

Ribeiro, Jodo (2022) research has been the foundation to this project. Set to produce Mg-alloys
and determine the effect of a HA coating on the degradation of the material, it has concluded in a general
way that the coating helped with the corrosion rate by slowing it down[39]. Following Ribeiro, Jodo re-
search, we aimed to functionalize WAAM printed Mg-alloy based implants with TiO, coating applied
through Electrodeposition, to improve substrates corrosion resistance, biocompatibility, and electro-

chemical activity, potentially contributing to advances regarding bioresorbable implants.
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4
MATERIALS AND METHODS

This work examined the Magnesium based AZ61A alloy with a titanium dioxide applied through
electrochemical deposition (ED). The optimal ED parameters were determined and a microstructure
study, in vitro degradation assessment, and electrochemical characterization using Cyclic Voltammetry
(CV) were performed in the coated and uncoated alloys to assess efficacy with reference to alloy pro-
tection, corrosion resistance and biocompatibility. Optical Microscopy (OM), Scanning Electron Micros-
copy (SEM), X-Ray Diffraction (XRD), and Raman Spectroscopy (RS) were used to evaluate the samples.
Additionally, the alloy was formed into printed substrates using the WAAM process, and the coated and

uncoated substrates underwent the same prior testing.

4.1 WAAM of Biomedical Alloys

My work began with the study of a filament of commercial alloy AZ61A (Figure A-6-1). This Mg
based alloy (92% Mg, 5.80% to 7.20% Al, 0.40% to 1.50% Zn, 0.15% Mn, 0.1% Si and traces of Cu
around 0,05%, Fe and Ni (both 0,005%) was also used as feedstock in WAAM of different metallic sub-
strates for further studies. In this project, additive manufacturing of Mg-based alloy components was
conducted within the Mechanical Engineering Department. The primary objective was to obtain flawless
parts using Wire Arc Additive Manufacturing (WAAM) techniques, followed by thorough characterization
in subsequent stages. For the deposition process, a Gas Metal Arc Welding (GMAW) machine was uti-
lized (Pro MIG 501 by KEMPP, showed in Figure 2-1), alongside a Pro MIG 3200 power source, also from
KEMPPI.

Figure 4-1 Image of sample WAAM printed substrates of AZ61A alloy (left) and sliced WAAM printed wall (right).

The manufacturing parameters selected are detailed in Table A-1 and the obtained WAAM printed

substrate wall is shown in Figure A-6-2, from which we prepare the study substrates displayed in Figure
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4-1. The WAAM printed substrate walls were cut into pieces that best suited our needs. It was consid-
ered using a hacksaw but unable to produce a clean cut and a smooth surface, a Linear Precision Saw
was used to cut the samples (Buehler Isomet 4000 showed in Figure A-6-38). The filament and the
WAAM substrates were characterized and used in the following steps. All samples were polished with

grit paper P1000 and washed with Ethanol prior to subsequential tests and ED process.

4.2 Electrodeposition Process

In this step it is described the preparation of the Electrodeposition solution used in the Titanium
Dioxide coating, along with the two Phosphate Buffer Solutions, one acid and the other neutral pH, uti-

lized in the in-vitro degradation and the electrochemical and corrosion tests.

4.2.1 TiO2 Electrodeposition Solution

We started the preparation of the deposition solution by choosing the most adequate precursor
of TiO, and upon research it was chosen TiCl, (titanium chloride (IV) SIGMA-ALDRICH 189,68 g/mol;
density of 1.728 g/cm? at 20 °C). To prepare hydrolysed TiCls, a controlled process was employed. A
total of 22 mL (37,9360 g) of titanium tetrachloride (TiCl,) was meticulously added dropwise to 78 mL
of chilled water, maintained at approximately 4°C, within an ice bath. During the reaction, a distinct yel-
low precipitate initially formed, subsequently dissolving upon the addition of water, ultimately yielding
100 ml of 2M stock solution of hydrolysed TiCl, (or TiCls*). [114] It is noteworthy that all chemicals em-
ployed in this process were of analytical grade and were utilized without further purification. Further-
more, the preparation of all solutions in this work adhered to exacting standards, employing Milli Q water
(18.2 M Q- cm) to ensure precision and purity. Before initiating the electrodeposition process, two solu-
tions were prepared, cetyltrimethylammonium bromide (CTAB - SIGMA-ALDRICH) and potassium ni-
trate (KNO; - SIGMA-ALDRICH), each at a concentration of 0.1 M and a total volume of 100 ml. For the
CTAB solution, 36.4450 g were dissolved in 100 mL of Milli-Q water. In the case of the KNO; solution,
10.1100 g were weighed and dissolved in 100 mL of Milli-Q water. The final TiO, deposition solution was
prepared as follows: 1 mL of titanium trichloride solution (TiCl;") was mixed with 88 mL of deionized
water. Following, 10 mL of potassium nitrate (KNO3) solution was added to the mixture. Finally with the
addition of 1 mL of CTAB, a 100 mL deposition solution was created, with each ED utilizing 50 ml. Itis
noteworthy that this solution was freshly prepared before each deposition and its pH was measured (pH

5-6). All mixing and dissolving stages were performed using a stirrer at 450 rpm, at room temperature.

4.2.2 Phosphate Buffer Solutions

In this step two Phosphate-Buffered Saline (PBS) solutions were prepared to simulate body flu-

ids. To that effect, the pH values were around 7 and 5.5. To prepare the PBS of neutral pH, 4g of NaCl
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(Sodium Chloride, SIGMA-ALDRICH, 99.5%), 0.7200g of Na,HPO, (di-Sodium Hydrogen Phosphate An-
hydrous, Pan-Reac AppliChem, _99.0%), 0.12g of KH,PO, (Potassium Phosphate Mono-basic, SIGMA-
ALDRICH, 99.0%) 0.1000g of KCl (Potassium Chloride, SIGMA-ALDRICH, 99.5-100%), and were dis-
solved and then diluted to 1L of mili-Q water. Solution pH was confirmed afterwards.

For the acid PBS two solutions were prepared. In the first one we dissolved 13.1200g of KH,PO,
in 964 ml of mili-Q water. The second one consisted of 1.2892g of Na,HPO, dissolved in 36 ml of mili-Q
water also. These 2 solutions were then mixed to obtain a total volume of 1 L of PBS with a pH 5.5. All

PBS solutions were prepared using a stirrer ate 450 rpm, at room temperature.

4.3 Electrodeposition of Titanium Dioxide

Electrodeposition is commonly employed to produce a coating, usually metallic, on a surface by
the electrochemical reduction at the cathode. The substrate to be coated is used as cathode and im-
mersed into a solution which contains a salt of the metal to be deposited. The metallic ions are attracted
to the cathode and reduced to metallic form, creating a coating on it. The relevant literature reveals that
cathodic electrodeposition leads to better results in the production of coating layers than chemical con-
version layers, however, careful adjustment of the parameters is necessary. Sometimes there are traces
of the substrate mixed into the coating forming new phases, such that the coating is not purely by depo-
sition but also to some extent by conversion at the interface [69], [72]. To overcome that and enhance
the surface adhesion strength, structural capability and biocompatibility, incorporation of Metallic ox-
ides is one of the suitable choices as several have been reported to modify surface properties of the
coatings successfully[115], [116], [117], [118], [119], [120]. The main advantage in ED is the control of
film thickness, morphology, and composition through electrolyte quantity and concentration, deposition
current and applied potential. It is noteworthy that the protocol employed for this electrochemical dep-
osition procedure was based on a compilation of well-established articles and research studies[66],

[112],[121], [122]. In Figure 4-2 it is represented a schematic of the ED process.
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Figure 4-2 Schematic representation of the ED process (obtained from[39]) (left), and custom plastic lid (right).

An electrochemical setup was employed, utilizing a voltage source in conjunction with a Graphite

rod serving as the counter electrode (anode). The working electrode (cathode) consisted of either the
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AZ61A commercial alloy filament or the substrates produced via Wire and Arc Additive Manufacturing
(WAAM). Before the ED process, a custom plastic lid (Figure 4-2) featuring three evenly spaced holes
separated by 5 mm was printed. The centres of these holes were situated 1.5 cm apart, with the chosen
lid having a diameter of 33 mm and 25 mm in height. This lid (detailed in STL presented in Figure A-6-6)
was fabricated using an Ender-5 3D printer, serving the critical purpose of maintaining electrode dis-
tance throughout the entirety of the experiments, as any deviation in this factor could potentially impact
the experimental outcomes. The exposed area of WAAM substrates in ED was approximately 3.5 cm?.
The initial phase of experimentation involved the use of the commercial AZ61A Magnesium alloy
as the deposition substrate. Electrodeposition was conducted on AZ61A filament at a potential of 0.5V
for a duration of 60 minutes. Additionally, an electrodeposition test at 6 V for 60 minutes was carried out
for comparative analysis. Following this preliminary approach, the potentials of 1V, 1.5V, and 2V were
applied for deposition times of 15, 30, 45, and 60 minutes. All ED processes utilized the deposition so-
lution detailed in section 4.2.1 and present deposition current values around 1 mA. Post-deposition, the
substrates underwent a drying process at room temperature spanning 3 hours, followed by annealing at
450°C for a duration of 30 minutes in an oven. After a gradual cooling process overnight, the resulting
samples were deemed ready for utilization in the following phases of experimentation. Following the
exhaustive series of tests conducted on the commercial alloy, the optimal coating parameters were as-
certained and subsequently applied to the materials produced via the Wire and Arc Additive Manufac-

turing (WAAM) process. Figure A-6-5 shows the ED process and electrode detail.

4.4 Microstructure Analysis and Characterization

Following the Electrodeposition of TiO, on the commercial AZ61A alloy an analysis of the sub-
strates was conducted. Therefore, a macroscopical observation of the obtained coatings was com-
pleted with Optical Microscopy (Leica DMi8), SEM imaging, Raman Spectroscopy and XRD. The samples
were analysed before and after any follow up test regarding corrosion, degradation, and electrochemical

performance.

4.4.1 Chemical Characterization with Raman Spectroscopy

Raman Spectroscopy is an optical and vibrational spectroscopic method, which is frequently
used for tissue characterization and based on the Raman effect, which asserts that when light with a
wavelength of between 750 and 850 nm is impacted on a tissue, its molecules will reflect the light with
a specific wavelength. It is feasible to identify the molecular structure and content of the tissue using
this technic, enabling the identification of numerous chemical components[123], [124], [125]. A Micro
Raman Witec Alpha 300RAS equipped with a 633 nm wavelength laser was used for the chemical char-

acterization of the coated substrates.
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4.4.2 Structural and Morphological Characterization with SEM and XRD

The microstructure and surface morphology of the samples were examined by Scanning Elec-
tron Microscopy and X-Ray Diffraction, after ED process. Scanning Electron Microscopy (SEM) is a use-
ful method for examining surfaces. It is a morphological analysis that produces detailed pictures and is
frequently used for contaminant detection and defect characterization. Photons and electrons are emit-
ted as the electron beam scans the surface and interacts with the substance. A specialized detector
that gathers these particles gathers data about the surface. An image of the sample is created after the
beam has covered the entire surface. The equipment used for the SEM analysis was a Hitachi SU3800
[68], [79],[91], [126], [127].

X-Ray Diffraction (XRD) is a non-destructive technique used to describe the crystalline structure
of asample, providing data on structures, crystal orientation and defects, phases, and average grain size,
allowing identification based on the sample diffraction pattern. XRD measure the intensities and scat-
tering angles of the X-rays that leave a material after the bombardment with incident X-rays at certain
angles, producing the XRD peaks. The atomic positions within the planes determine the peak intensities,
and so the XRD pattern is characterized by the periodic atomic arrangements of the material. In addition,
XRD provides information on how internal stresses and flaws cause a less than ideal structure. XRD was
performed using the X-ray diffractometer PANalytical’s X’Pert PRO MRD and the diffractogram meas-
urements were carried out from 10° to 90° (26), with a scanning step size of 0.0167°. The radiation
source was a monochromatic Cu Ka with wavelength 1.540598 A[69], [128], [129], [130].

4.5 In-vitro Degradation Tests

In-vitro degradation of the substrates was performed by immersion testing under static simulated phys-
iological conditions. Its objective was to determine the rate of degradation that the AZ61A alloy, along
with the protective effect that the TiO, coating could reveal. It was compared an uncoated sample, a
coated but not annealed sample and an annealed sample of the commercial AZ61A alloy. It also used a
Titanium based alloy, applied frequently in the biomedical field, to compare degradation results. For
each of these substrates, a total of eight samples were prepared, with each sample cut to a length of
approximately 3 cm. To simulate physiological conditions, half of the samples were immersed in a PBS
with a pH of 7.4. and 4 were submerged in a solution with a pH of 5.5. Each sample was added to a test
tube, immersed in 5 ml of the respective PBS, and left in a water bath at 37 °C. All samples were
weighted at the beginning of the test and again once a week, upon rinsing of the PBS with distilled water
and before returning the samples to the tubes with fresh PBS solution. The degradation tests lasted four
months. With those values it was intended to determine evidence of mass loss through degradation in-

vitro, and the protective effects of TiO, coating in that regard.
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4.6 Electrochemical Characterization through Cyclic Voltammetry

Cyclic voltammetry (CV) is widely regarded as one of the most versatile electroanalytical tech-
niques for investigating electroactive species. Its adaptability and ease of use have led to its extensive
application across electrochemistry, inorganic chemistry, organic chemistry, and biochemistry. Often
employed as the initial experiment in electrochemical studies, CV allows for the rapid observation of
redox behaviour across a broad potential range. The resulting voltammogram, akin to a conventional
spectrum, provides valuable insights into the system's behaviour as a function of an energy scan[131],
[132].

CV involves cycling the potential of an electrode submerged in a solution while measuring the
resulting current. The potential of the working electrode is controlled relative to reference electrodes
such as a Saturated Calomel Electrode (SCE) or a silver/silver chloride electrode (Ag/AgCl). The poten-
tial applied across these electrodes can be considered an excitation signal. In CV, the excitation signal
typically takes the form of a linear potential scan with a triangular waveform, as depicted in Figure 4-3,
along with an illustration of the CV setup. This triangular excitation signal sweeps the electrode potential
between two values, known as the switching potentials, versus Reference Electrode, after which the
scan direction is reversed, resulting in a positive scan back to the original potential. Figure A-6-39 details

the 3-electrode set-up used in this research.

Patentiostat

Reference Working
electrode electrode

Counter
electrode

Electrolyte

POTENTIAL, V versus SCE

\
initial i d J\Eﬁnal
0 20 40 60 80
TIME, s

Figure 4-3 Illustration of the Cyclic Voltammetry process (obtained from [39] ) (left) and typical excitation signal for cyclic volt-

ammetry - a triangular potential waveform with switching potentials at 0.8 and -0.2 V versus SCE (obtained from [133]) (right).

A cyclic voltammogram is a graphical representation of current, responsabile for oxidation and
redution reactions in the solution and working eletrode, plotted against potential. Since the potential
varies linearly with time, the horizontal axis can also be interpreted as a time axis. By measuring the
current at the working electrode throughout the potential scan, CV helps assess ongoing redox reactions
potentials. To simulate human body conditions, tests were conducted in PBS of pH 7 and 5.5.

In electrochemical tests a potentiostat Gamry Instruments - Interface 1010 E was used. Applying

a three-electrode cell configuration, the WAAM substrates and AZ61A filaments under examination
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served as the working electrode, a graphite rod was used as the counter electrode and an (Ag/AgCl) sil-
ver electrode as the reference electrode. Throughout the project, an Ag/AgCl (silver) electrode was em-
ployed as the reference electrode, documented as a stable reference electrode (vs SCE) in electro-
chemical experiments[133]. To simulated physiological fluid, CV tests were conducted in the neutral
and acid PBS, beginning with Open Circuit Potential tests in TiO, coated and uncoated AZ61A alloy, in
neutral and acid PBS. Tests were conducted for 4000 s. Following previous research [39], the CV exper-
iments were initiated by performing an initial CV, in neutral PBS, scanning both ways between -2 V and
2V, employing a scan rate of 50 mV/s and a maximum current of 0.2 A. Concerning the scan rate was
important in the study to define the value that best fit because high values could lead to not detecting all
redox reactions and low values could allow secondary reactions which leads to the loss of substrate.
This initial CV cycle was conducted for a total of 5 cycles. During this phase, we closely monitored the
electrochemical reactions occurring at the material's surface. Notably, the formation of hydrogen bub-
bles was observed as indication of ongoing reactions. Consequently, we conducted an extended CV
test, comprising a total of 50 cycles. By the end of the 50 cycles, we noted that the current had substan-
tially decreased and was approaching zero. This significant decrease in current indicated that the mate-
rial's electrochemical reactions had nearly ceased. Building upon the insights gained from the 50-cycle
CV test, we adjusted our approach. Subsequent tests were conducted at 20 cycles, scanning both ways
between -2 V and 2 V, employing a scan rate of 50 mV/s and a maximum current of 0,2 A. To ensure
electrode distance, we applied the lid developed in Ribeiro, Jodo [39] which maintained the three elec-
trodes at 1.5 cm of each other.

To ensure standard patterns across experiments it was imperative to maintain a consistent sur-
face area of material immersed in the solution and ensure the same volume of solution in each experi-
ment. To achieve this, and like ED process, 50 ml of (PBS) for each test was used and the length of the
material immersed was approximately 3 cm in all experiments (Surface area approximately 3.5 cm?).
The electrochemical process was conducted in both PBS (acid and neutral), using TiO, coated and un-
coated WAAM printed AZ61A substrates and filaments, to evaluate their effect on surface protection
and degradability rate. To better understand the corrosion effects on the substrates surface, SEM im-
ages were obtained after each CV, and mass loss was registered, by weighting the substrates before and
after each CV. Figure A-6-39 shows the 3 electrode set-up, with Reference Electrode (A), Working Elec-
trode (B) and Counter Electrode ( C) [134], [135]. Electrochemical tests allowed us to better understand
the influence of TiO, coatings in the well documented corrosion rate of magnesium and magnesium-
based alloys[20], [73], [88], [89], [95], [136].
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5
RESULTS AND DISCUSSION

In this chapter, the results of the project along with its discussion will be explained. Set as the main goal
the electrodeposition of a TiO, coating on WAAM printed AZ61A alloy substrates, here we present the
ED optimization process and the base it set for the TiO, coated WAAM printed substrates evaluation.
The substrates characterization was possible through Optical Microscope imaging, SEM, XRD and Ra-
man Spectroscopy. This section also shows coating effects in mass variation and corrosion evaluation
upon submission to in-vitro degradation tests, as well as its electrochemical activity through cyclic volt-

ammetry tests, both in neutral and acid PBS.

5.1 Electrodeposition of TiO-

At the initial phase of the study, the electrodeposition (ED) process of TiO, was undertaken to
explore and understand the critical parameters regarding this process, aiming to potentially establish
the most effective conditions for achieving a homogeneous and high-quality TiO, coating on the AZ61A
Mg-based biomedical alloy, as Mg alloys coatings adhesion is an issue. The evaluation of different pre-
cursors for TiO,formation, comparing TiCl, to alternative candidates, was carried out to determine the
most suitable precursor for the electrodeposition process while several parameters were systemati-
cally researched. The concentration of Ti in the deposition solution, the distance between electrodes,
applied voltage, time intervals, deposition current, and choice of a graphite rod as a counter electrode
were carefully chosen due to lack of understanding of their individual and collective impacts on the TiO,
coating quality. Prior to each electrodeposition process, the substrates underwent thorough cleaning
with ethanol to ensure a pristine surface for coating. Figure A-6-4 shows an Optic Microscope image of
the uncoated AZ61A.

Following the study of An et al. (2004)[137], an electrodeposition solution composed of TiCls*
(0.01 M), KNOs (0.1 M), and CTAB (0.01 M) was initially employed. While this solution demonstrated
promise, alternative solutions based on the work of Lockande et al. (2005)[112], which suggested the

use of HCl and EDTA, were also explored. However, upon deposition, it was observed that the latter
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solution led to the corrosion of the AZ61A Mg-based alloy filament. Subsequently, the deposition solu-
tion comprising KNO3; and CTAB, which was determined to have a pH around 5, was reinstated[112].
Exploratory electrodeposition trials were started with its initial tests carried out at 2 V for a duration of
30 minutes. During this process, the formation of bubbles within the solution was observed. Examination
of the substrate following deposition revealed the presence of a seemingly uniform white layer. A sub-
sequent trial was conducted at 6 volts (Figure A-6-10), but optical microscopic imaging disclosed an
uneven coating characterized by numerous clusters and a notably rough surface. At 6 volts, the deposi-
tion current would rapidly decrease to zero at around 1.9 to 2 V. Based on the outcomes of these pre-
liminary trials, the optimization of the electrodeposition process was carried out by investigating the
most favourable combination of voltage and deposition time. Electrodeposition trials were conducted
at 0.5, 1, 1.5, and 2 volts, each for durations of 15, 30, 45, and 60 minutes. The ED at 0,5V presented an
extremely uneven surface and the voltage was discarded (Figure A-6-9). It was also noted that the ED at
1V could sustain an apparently robust and homogeneous coating (Figure A-6-8 and Figure A-6-7). Opti-
cal microscopy was employed to scrutinize the quality of the coatings. In the appendix section it is pos-
sible to represent a summary of the optical microscope images obtained to complement the visual ap-
preciation of the TiO, coatings, observed in Table A-2, Table A-3, Table A-4 and Table A-5.

The comprehensive optimization efforts revealed that 45 minutes of electrodeposition at 1 volt
(Figure 5-1) yielded the most desirable results for coating the commercial AZ61A alloy. This configura-
tion produced a uniform and TiO, coating, and represented a significant milestone in this work, setting
the stage for the WAAM printed substrates ED process. The same process was applied to a titanium
based alloy. All following ED processes were performed at 1V for 45 minutes, with 1.5 cm between elec-
trodes and 50 ml of deposition electrolyte. To note that the electrodeposited substrates underwent a
meticulous post deposition treatment process. Solutions for coating the electrodes with films of TiO,
were freshly prepared each time revealing a transparent appearance at room temperature. All the char-
acterization analyses presented were conducted using samples with TiO, coating (Figure A-6-36), and

uncoated (Figure A-6-37) but unannealed samples were also in degradation tests and XRD.

Figure 5-1 Optical microscope image of uncoated AZ61A commercial alloy (left) and with TiO2 annealed coating.

To note that the electrodeposited substrates underwent a meticulous post-deposition treatment

process to fully achieve crystal phase of anatase. Solutions for coating the electrodes with films of TiO,
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were freshly prepared each time revealing a transparent appearance at room temperature. All the char-
acterization analyses presented were conducted using the annealed samples. Based on these observa-
tions, a plausible mechanism for the electrochemical deposition is proposed, emphasizing the essential

role of NO3™ ion reduction at the initiation stage of electrodeposition.

TiCl; - Ti** + CI~ R11
KNO; — K* 4+ NO3 R12
NO3 + H,0 + 2 e~ —» NO; + 2 OH™ R13
Ti02* + 2 OH™ - TiO(OH), R14
TiOH2* + 20H™ - Ti(OH)3 R15

The Ti(OH)s is finally converted to TiO, upon drying and annealing process. Solutions for coating
the substrates with TiO, were prepared for each ED, at room temperature. It was observed a thick layer
formed on the filament surface, showing a grey colour and being susceptible to peeling off. After anneal-
ing, the surface showed a tendency towards a whiter colour, with a firm and thick layer. SEM images are
presented in section 5.2.3 to help understand the surface morphology. The presence of CTAB plays a
crucial role in promoting coating formation, as evidenced by the increased thickness of the TiO,
film[138], [139]. The accelerated rate of film formation with CTAB is likely attributed to reduced electro-
static repulsion of NO;™ ions by the adsorbed CTA" at the cathode. This diminished repulsion of NO3 ions
leads to their higher concentration at the electrode surface, facilitating faster nitrate reduction (R15) and
ultimately resulting in thicker film growth. The adsorption of CTA* onto the negatively charged TiO, sur-
face is supported by recent observations[140], aligning with the electrostatic interaction scheme pro-
posed by An et al. for the self-assembly reaction involving various surfactants and inorganic species.
Thick anatase phase coatings were intended as the project developed, which employing CTAB proprie-
ties allowed[137], [141], [142], [143], as the following sections will present.

The annealing process helps in crystallizing the deposited TiO, layer by densifying the film, reduc-
ing defects, and improving the uniformity of the coating. This is crucial for ensuring the desired properties
and functionality of the TiO; layer, such as corrosion resistance and adhesion. Depending on the anneal-
ing temperature and duration, different crystal structures such as anatase, rutile, or brookite may form.
The choice of crystal structure can significantly impact the properties of the TiO, layer, including bio-
compatibility, morphology, and thickness. Annealing can also affect the composition and chemical
states of the TiO, layer leading to the removal of residual impurities or organic residues from the electro-
deposition process, resulting in a purer TiO, layer with enhanced chemical stability. It can also improve
its mechanical properties such as hardness and abrasion resistance, which is particularly important for
ensuring the long-term durability and performance of the TiO,-coated substrate in practical applica-
tions[144]. A preference exists for anatase phase over rutile to achieve a larger surface area per unit

volume, owing to the larger dimensions of rod-shaped rutile particles compared to the spherical shape
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of anatase particles. It was observed that after the ED process presented a light grey surface, which turn
white upon the annealing process, an indicator of this crystal phase. Also due to the Ti®** defects in the
dissociative adsorption of water onto TiO, surfaces and the influence of hydroxyls on the biological be-
haviour of titanium, controlling the density of surface defects through annealing is proposed to enhance
implant interactions. Experiments revealed that low-temperature annealing can enhance anatase for-
mation and create a controlled number of Ti** defects as high concentration of Ti** defects is associated
with surface porosity. Such surfaces, characterized by high hydrophilicity and microporosity, are ex-

pected to facilitate interactions with surrounding tissue [144], [145].

5.2 Analysis and Characterization

Raman spectroscopic analysis was performed on sample surfaces to characterize their chemical
composition. Raman spectrum of the TiO, coating, after annealing is depicted in Figure 5-2. Different
vertical scales are presented, resulting of data analysis to offer better insight regarding the characteris-

tics of observed peaks.

6000 | f
| 114
:“4000- ML
5 178
£ ‘ | 190
2000 |
’L 211 |
o ‘WWMMW,M W‘ﬂw
(IJ S(I)O 10I00 1 5;00 EUIOO

Raman Shift (cm™)

Figure 5-2 Raman Spectroscopy of the WAAM printed AZ61A substrates coated with TiO2.

Anatase phase of TiO, can be sensitively identified by Raman spectroscopy based on their char-
acteristic peaks. The anatase phase shows major Raman bands at around 144, 197, 399, 515, 519 and
639 cm™.[125], [146] These bands can be attributed to the six Raman-active modes of anatase phase
with the symmetries of E; (Symmetric stretching mode v 1), Eg, B1s(Asymmetric stretching mode v 3),
Aqg(Symmetric stretching mode v 1), By, and Eg, respectively. Additionally, the band at 144 cm™ is the
strongest one for the anatase phase. Figure 5-2 shows the Raman spectra of WAAM printed TiO, cal-
cined at 450 °C with excitation lines at 633 nm. Our main related Raman bands are located at 114, 190
and 211 cm™ (O-Ti-O bending-type vibrations) which can be associated bibliographically to the charac-
teristic Eg peak of anatase. It has been known that the E4 peak is mainly caused by symmetric stretching
vibration of O-Ti-O in TiO,, the B4 peak is caused by symmetric bending vibration of O-Ti—O, and the A4
peak is caused by antisymmetric bending vibration of O-Ti—O [123], [124]. It's noteworthy, as reported

28



in the literature and confirmed in our study, that electrochemical deposition consistently produced an-
atase, in TiO, coating preparation.

Bands around 934 cm™ and 1052 cm™ were markedly observed in samples, which could be at-
tributed to MgO (v 4), as well as a peak at 1800-1900 cm™, characteristic of the presence of Mg(OH).
and Mg, but overlapped with other components presence. In addition, the band around 1500 cm™ could
be associated with carbonates due to CO, and atmosphere conditions [147].

However, Raman spectroscopy may not be the most appropriate test to evaluate a coating of TiO,
on a magnesium based biomedical alloy, as show in peak overlap at 50-250 cm™. Being a surface-sen-
sitive technique, the Raman signal obtained from the TiO, coating may be influenced by the underlying
Mg-based alloy substrate and corrosion products, which our patterns could potentially confirm. If the
TiO, coating is thin or if there are substrate roughness variations, it may be challenging to obtain repre-
sentative information about the coating's properties throughout its entire thickness as it is difficult to
distinguish between signals arising from the coating and those originating from the substrate background
signals or overlapping peaks or increased background noise, as shown in Figure A-6-13.

If the TiO, coating exhibits chemical heterogeneity or if there are impurities present, it can compli-
cate the interpretation of Raman spectra and lead to ambiguous results. Surface roughness of the sam-
ple can affect the Raman signal intensity and may introduce variability in the measurements. If the TiO,
coating exhibits uneven thickness or rough surface morphology, it can also impact the reproducibility
and reliability of Raman spectroscopy results and require further investigation[124], [125].

Overall, while Raman spectroscopy is a powerful technique for characterizing molecular struc-
ture and composition which allowed us to confirm anatase presence, its limitations in probing thin coat-
ings, susceptibility to substrate interference, and sensitivity to sample surface properties make it less
suitable as the sole method for evaluating TiO, coatings on Mg-based biomedical alloys. Complemen-
tary techniques such as X-ray diffraction (XRD) and scanning electron microscopy (SEM), may provide

more comprehensive insights into the TiO, coating's crystalline structure and surface morphology.

5.2.1 XRD Analysis

For a structural analysis, X-ray diffraction (XRD) tests were conducted to obtain information
about the crystalline lattice, surface structure, and overall confirm the presence of TiO, anatase. Re-
garding biocompatibility, anatase crystalline structure allows an increased surface area coating, to
which a higher effective electrochemical substrate is associated. Figure 5-3 analyses an AZ61A alloy
WAAM printed substrate after the ED process at standard parameters of 1 V for 45 minutes followed by
annealing process mentioned in section 5.1. In the graph, it is possible to observe the values of 20, in
degrees, associated with the respective peaks.

Inthe diffractogram itis possible to observe 4 main diffraction peaks at 2 theta values of 20.97°,

36.93°, 48.21°, and 82.27°. It is also possible to observe that the peaks below 25° presented higher
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FWHM values. In XRD, FWHM stands for "Full Width at Half Maximum." It refers to the width of a peak
at its half maximum intensity value and is commonly used to characterize the crystallite size and the
degree of crystallinity of materials. A narrower FWHM indicates sharper and more well-defined peaks,
which typically correspond to larger crystallite sizes and higher degrees of crystallinity. Conversely, a
broader FWHM suggests smaller crystallite sizes or greater levels of disorder or strain within the crys-
talline lattice. We also observed an increase in baseline pattern between 2 § values of 10°-30° typically

indicating an increase in amorphous or disordered phases in the sample.

25000 -

4000 4
36,93
3500 1
20000
3000
3 10001 2500 8227
& 22000
£|mf %
= E 15001 48,21
20,97 ’ 69,20
5000 1000 |
1872 | 2322 6355 | 7055
AJ A 32,28 | V.
A L e 50 5788 ) |l 7874
N s | il |
: =
20 40 o 2
200) 20()

Figure 5-3 XRD Peak detail of WAAM substrate with annealed TiO2 Coating

Besides crystal size possible reasons for this observation are texture in the material, because dif-
fraction peaks become sharper when the crystallographic planes are aligned, and the presence of amor-
phous or poorly crystalline phases of corrosion byproduct in the sample. Surface roughness and oxida-
tion of the sample, especially in the lower 20 range, as well as residual stress and instrumental artifacts
such as detector noise or background scattering can also contribute to baseline increase and peak
broadening.

It is important to mention that after the ED followed by annealing, it was expected to observe
evidence of TiO, anatase in the substrate coating. Additionally, it was also expected to find Mg (or similar
regarding the AZ61A substrate) or traces of MgO and Mg(OH), and eventually corrosion products. After
bibliography review all diffraction patterns were associate to the respective Miller indices. It began by
analysing patterns related to the AZ61A alloy and anatase TiO,.

The main peak 20 of 36,93° is associated with the HCP (Hexagonal Close Packed) structure of
Mg 101 (Magnesium (Mg): JCPDS card nhumber 05-0664)[148]. However, we must address the works of
Bagheri et al (2013)[149] where it is stated that TiO. anatase 103 shows diffraction peaks at 20 of
37,059, Recalling the 7% presence of Al in the AZ61A alloy and the presence of anatase 004 at 20 of
36,7° suggested by Peng, Pi (2018)[150], it is possible that the peak intensity could be influenced by all
3 phases, which further studies may enlighten regarding peak overlap. Several works on XRD patterns of
Magnesium and AZ61A alloy allowed us to identify peaks at 57,69° and 63,55° as Mg HCP influence
[148], [151], with values of peak at 32,29° and 34,69° (M1 and M2 in Figure 5-4) well documented in
the AZ61A alloy XRD characterization studies[152], [153], [154], [155].
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Subsequently, it was observed several peaks associate with anatase TiO, diffraction patterns.
Upon bibliography review we were able to associate peaks at 20 values of 48,219, 69,2°, 70,56° and
82,27° with the 200, 116, 220 and 224 crystalline structures of anatase TiO,, respectively (Anatase XRD
JCPDS Card no. 78-2486, no. 84-1286, no. 00-001-1272, and no. 88-1175) [69], [128], [130], [149],
[156]. Our main objective at the beginning of the test was to confirm the presence of the anatase phase
of TiO,. By demonstrating the presence of anatase TiO,, it was shown that the ED process allows for the
creation of a stable and thick enough surface to identify the different anatase phases. Upon observing
the peak corresponding to the A116 plane, we found a larger FWHM than expected, especially when
compared to the other anatase planes. Coincidentally, several studies show rutile TiO, diffraction pat-
terns at these 20 values [93], [157]. A probable amorphous or mixed-phase structure may contribute to
a broader peak, to which inconclusive effectiveness may be ascertain. However, the intensity of the
A224 anatase phase and narrowness of the remaining planes, particularly the A200 plane, as highlighted
in various studies[98], [137], [158], [159], [160], helped understand the effectiveness of the ED process
regarding the desired TiO, phase. There are no peaks from other phases observed, an indication of the
deposition crystals high purity. The sharp peaks observed from the XRD pattern indicate that the TiO,
particles have a consistent grain size.

It was then time to evaluate the pattern for 20 values below 309, as a broad hump was observed
in the baseline encompassing 3 distinct peaks at 16,75°, 20,97° and 23,33°. Since the reviewed bibli-
ography indicates no significant peaks for either Mg or anatase in 20 values below 259, investigation
follow to the probable reaction or corrosion products that could remain in the TiO, coating after anneal-
ing at 450 °C. Since the annealing process temperature promotes the formation of TiO, anatase crystals,
we decided to compare to MgO (R4) and Mg(OH). (R3) diffraction patterns. Several works detail a com-
mon increase in the XRD baseline within these 20 values when in presence of magnesium oxides and
hydroxides, influenced also by the annealing process or its parameters. Through the study of Umara-
likhan, etal. (2018)[129],[161],[162], [163], [164], [165], where MgO diffraction analysis was obtained,
we were able to associate the obtained peak at 20 of 16,75° with this substance. Yet itis also noticeable
the extremely high FWHM value, which led us to conclude that even though MgQO is present in pure form,
it could also be in a mixed phase structure, amorphous in nature or influence by the general increase of
artifacts in lower 20 values in the XRD. The research of Sugapriya, et al. (2013) [144] conclude that in-
creasing annealing temperatures originated a decreasing of the hump below 20 values of 30°. However,
it also states that increasing annealing temperatures favors the formation of rutile phase, which overall
was not desired for our studies. Sundrarajan et al. (2012) [166] obtain similar results while evaluating
MgO under different annealing temperatures. With the XRD patterns obtained by Giorgi et al. (2005)
while characterizing Mg(OH), we were able to associate the peak at 20 of 20,97 with the 001 plane[167].
Since no other peaks evidenced XRD patterns of Mg(OH), aligned with the research, we began to evalu-

ate the possible presence of Titanium deposition byproducts. Conclusions are summarized in Figure
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5-4. We show two scales in results to demonstrate Mg peak intensity when compared to other sub-

stances. Peaks 1 and 2 in Figure 5-4 could potentially be associated with anatase and Mg.

20000 ~

18000 - slz i
< A - Anatase TiO2
16000 - M - Magnesium
14000 -
2
@ 12000
Z
T 10000 -
8000 | 5
;
6000 - 3 i
]
4000 - o L 3
A P .
2000 v 52 S w A
] U ] v U 2 i
T T T T 1
0 20 40 60 80 100

20 ()

Figure 5-4 XRD of TiO2 ED on WAAM printed AZ61A alloy substrates.

For this next phase of the study, two other samples of the commercial WAAM printed AZ61A alloy
underwent examination. The first sample was subjected to electrodeposition at 2 V for a duration of 45
minutes, without subsequent annealing. The second sample underwent electrodeposition at 1V for 45
minutes, also without annealing. Ti hydroxides phases was expected to be detected. Magnesium and
magnesium reaction products are also expected although some peaks may overlap. The following

graphs shows the obtained results regarding the XRD of the 3 samples.
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Figure 5-5 On the left side, XRD comparison between unannealed (top) and annealed (bottom) TiO2 ED at 1 V for 45 minutes.
On the right side XRD comparison between unannealed ED for 45 minutes at 1V (top) and 2 V (bottom).

After comparing the diffraction patterns before and after annealing, it was possible to observe

the influence on the change in surface structure of the coating. It was associated the decrease in
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intensity and width in 1, 4, and area 5 in Figure 5-5 (and detailed in Figure A-6-14) with the formation of
the crystalline anatase phase. Additionally, we noted an increase in the peak at 7. XRD patterns of TiO,
reveal that even before calcination peaks of anatase were detected. Regarding magnesium byproducts,
the peak at 6 disappeared, and peaks 2 and 3 showed a decrease. Since these are associated with mag-
nesium diffraction patterns, we can conclude that they result from hydroxides that underwent alteration
during the annealing process. Regarding the comparison of electrodeposition at 1V or 2V, some differ-
ences were observed. The diffraction pattern is similar at all peaks for 2 theta values above 25°. How-
ever, a decrease in noise in the baseline is observed with higher voltage. This could be a consequence of
secondary reactions occurring around the titanium structure modification. It is also noticeable in the
deposition without annealing that the peak at 25° (typical of anatase) becomes more visible (red dot).
The presence of aluminium (Al) in the alloy could influence the position of the peak at 36.93° as
the addition of alloying elements can affect the lattice parameters and crystal structure of the material,
leading to shifts in XRD peaks and the formation of solid solutions with magnesium. This can result in
shifts or broadening of XRD peaks associated with both magnesium and any compounds formed during
the electrodeposition process, such as TiO,. Additional characterization techniques and comparison
with reference patterns may be necessary to accurately identify the phases present due to the AZ61Aal-
loy [21], [65], [76]. CTAB typically does not exhibit distinct peaks in X-ray diffraction (XRD) patterns due
to its organic nature and amorphous structure. Therefore, it's unlikely to find specific 2 6 values associ-
ated with CTAB in XRD analysis. However, if CTAB is present as a residue or impurity on the surface of a
sample, it may contribute to a broad hump in the XRD pattern, usually observed at low angles. This hump
is often indicative of amorphous or poorly crystalline materials. Therefore, in our analysis, CTAB is more
likely to affect the overall background signal rather than produce sharp peaks, even if is noticeable a
higher influence of the deposition voltage rather than the annealing process, in regard to reducing the

hump observed at low 2 0 values[138], [139].

5.2.2 SEM Results

In this section, SEM images obtained after the TiO, ED ( at 1 V for 45 minutes) process on the
AZ61A alloy filament and WAAM printed substrates are presented in Figure 5-6 and Figure 5-7, respec-
tively. As expected, SEM images revealed a successful ED of TiO,. The surface of the coated filament
appears to be uniform, covering the entire filament with a thick homogeneous layer and without any sig-
nificant clusters, cracks, or crevices. It was noticed an alignment in the surface crystals and the pres-
ence of black spots that may result from corrosion products formed during the electrochemical activity
of the ED process. It is also possible to observe some white spots that may result from titanium deposi-
tion, due to the reducing power of CTAB, which promotes the incorporation of this substance, promoting

anatase phase. It is also important to refer that the difference in surface area exposed during
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electrochemical test regarding AZ61A filament or WAAM substrates (0,05 cm?2and 3,5 cm?respectfully),
may influence coating properties due to alterations on the electric field created with the graphite rod

counter.
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Figure 5-6 SEM of AZ61A alloy after electrodeposition of TiO2 at 1V for 45 minutes.

On the WAAM printed substrate, surface effects were a bit different as surface roughness is ob-
served, which correlates directly with the voltage response. Moreover, as the concentration of TiO, na-
noparticles increased, the coating surface exhibited darkening (see Figure 5-6). This darkening phenom-
enon could be influenced primarily by comprising hydrogen, discharged, which induced oxygen vacan-
cies in the TiO; lattice. As a result, Ti** ions were reduced to Ti**, leading to the darkening of the coating
surface with higher incorporation of TiO, nanoparticles. Although the coating seemed thick after calci-
nation, SEM images revealed that several dark spots occurred on the surface. The absorption of surface
contaminants by the raw material (substrate and feedstock wire), such as grease, moisture and un-
wanted dust particles leads to generation of porosity on solidification.

The influence of Cl" or other reactive ions on the surface grooves can affect the corrosion effect,
manifested by the action of H,, in the darker spots. This leads to increased area exposed, originating
more corrosion. It is also important to note that the area of the filament compared to the graphite rod,
when compared to the WAAM substrate, is much smaller. This can influence, in that, for the same elec-
trical potential, a smaller area will increase its electrochemical activity. However, it is also observable
the alignment in surface structure, a good indicator of anatase crystals formation. Both images may po-
tentially indicate that the main objective of our study was achieved, but further research on WAAM sub-
strates with TiO, coating is required to discard surface irregularities with substrate defect or improper
adhesion [67], [69], [168], [169].
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Figure 5-7 SEM image of WAAM printed AZ61A substrate + TiO2 coating.

5.3 In-vitro Degradation Tests

The results of mass variation during in-vitro degradation tests are shown in Table A-6, in the ap-
pendix section, and in Figure 5-8. As shown, there are different pattern between the substances regard-
ing the mass variation. In the titanium alloy the ratio is close to 1, which aligns with its natural corrosion
resistance nature. The AZ61A alloy without coating or with unannealed coating showed less favourable

results than the alloy with annealed coating
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Figure 5-8 Mass ratios in degradation tests.

. As the degradation tests progressed, a dark surface began to cover the uncoated magnesium
alloys. However, the filaments with coating, with and without annealing, maintained an unchanged sur-
face. Over the weeks, an increase in filament weight and the beginning of precipitate formation attached
to the uncoated AZ61A filament were observed. Since the PBS solution was changed weekly, the disso-
lution capacity would not maintain saturation values. However, this also led to believe that the crystals
may be formed by degradation products reacting with products of ionic dissociation in the PBS. Figure
A-6-15 shows the precipitates attached to the uncoated AZ61A after in-vitro degradation test with acid

PBS, displaying improved degradation results with TiO, coating. Over the weeks the crystals continued
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toincrease in size, and eventually were collected from the uncoated and unannealed coated alloy in PBS
5.5 for further analysis. In the following weeks some deposits formed in the uncoated AZ61A in neutral
PBS. The deposit corrosion layer increased its thickness and allowed the formation of large crystal,
which were also collected for further analysis, with the help of a scalpel. Although it's important to note
that the H,PO, and HPO,* ions present in PBS may react and form new products with the Mg alloy. This
is evident in their low mass ratio of the uncoated AZ61A alloy after precipitates removal, as the precipi-
tates also result from degradation products of the alloy. We should also address that under dynamic
degradation tests precipitate formation may be diminished leading to different results in the mass ratios.
It is important to note that the alloy with TiO, coating, with or without annealing, did not exhibit the same
type of aggregates in the first weeks. However, deposits formed on the surface of the alloy with coating
without annealing, which turn it almost entirely white by the end of the tests, in accord with the mass
gain shown in Figure 5-8. Overall, the annealed TiO, coating offered protecting capabilities to the AZ61A
alloy, showing resistance to degradation (Figure A-6-11).

After immersion, unannealed samples exhibited corrosion layers of variable homogeneity on their
surfaces. In Figure A-6-12 it is observed that the annealed TiO, coating (3) showed significantly better
results, when compared to uncoated Mg alloy (1), with decreased surface degradation and mass loss.
When compared to the uncoated (2) or unannealed coating (4), it maintained the surface integrity
throughout the degradation tests, having in some cases developed some precipitates at the uncoated
part of the filament due to wire cutter cutting. Regarding the substances mass loss, as cleaning proce-
dures only partially dissolved these corrosion layers, the dissolution of Mg alloys in PBS results in the
precipitation of Mg-containing corrosion products on the substrates surface. This process involves the
reaction between the magnesium alloy and the PBS solution, followed by the formation of insoluble
magnesium phosphate precipitates, in the alloy or the PBS, such as Mgs(PO.)., due to pH increase re-
sulting from the reaction of magnesium hydroxide at the Mg alloy surface[170]. However, a study of
Schille et al. (2011) suggested that static immersion tests in simulated body fluids like PBS may not ac-
curately simulate the corrosion behaviour of Mg alloys under in vivo conditions. While Mg alloys tested
in PBS under static conditions showed weight gain due to the formation of insoluble corrosion layers, the
same alloys exhibited weight loss when exposed to blood as a corrosion medium under dynamic condi-
tions. In the blood test system, weight loss was observed for the Mg alloys investigated. Conversely, Mg
alloys tested in PBS under static conditions showed weight gain due to corrosion layer formation. These
layers could be partially removed by ultrasonic cleaning in water.[171] It was observed similar behaviour
and the mass loss in uncoated Mg alloy in PBS 5,5 is potentially mostly due to precipitate removal.

After the removal of the precipitates from the filaments, XRD analysis was performed to identify
the corrosion products that easily formed on the surface of the alloy. The most expected products would
result from the degradation of magnesium and its reactions with oxides, hydroxides and phosphate
groups mentioned early. Results potentially indicate presence of Mg(OH), and corrosion products influ-
enced by the TiO, coating [172], [173], [174], [175], [176], [177]. PBS solutions could also have an
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influence on our results, with its high ionic dissociation, as research indicates that magnesium alloys
display varying degradation patterns in different simulated body fluid solutions. The concentration of
buffering agents and the presence of hydrocarbonates in test solutions are key factors influencing deg-
radation behaviour, particularly in the early stages. Higher concentrations of buffering agents result in
more negative corrosion potentials for the samples. The rapid reaction of hydroxide ions (OH") with abun-
dant buffers in the solution accelerates the transformation from Mg to Mg#, contributing significantly to
the elevated degradation rates observed [178].

Xu et al. investigated in vitro and in vivo three different Mn-containing magnesium alloys. For the
in vitro study a PBS for the immersion test was used. With this simulated body fluid, a mass increase
was measured and after cleaning a weight loss could be measured. However, the in vivo animal study
showed only degradation with the same alloys. In this in vitro study precipitates also could be found, but
they were not specified. In the presence of NaCl, in PBS, various layers such as crystalline Mg(OH).,
amorphous phosphate-containing, and amorphous carbonated (Mg)-phosphate layers form. However,
these layers offer poor protective properties. If the pH remains neutral, as it does in vivo due to homeo-
stasis, corrosion will not be halted[179]. Corrosion behaviour in NaCl solutions initially exceeded thatin
PBS, but this trend reversed over prolonged immersion periods. The stabilization of MgO corrosion prod-
ucts by phosphorus-containing compounds contributed to this reversal, enhancing protection by miti-
gating the aggressive effects of chloride ions[180]. The instability of the in vivo corrosion layer, primarily
composed of Mg(OH),, contributes to differences in corrosion rates between in vivo and in vitro environ-
ments. Mg(OH), is unstable in aqueous solutions, particularly in chloride-containing environments. In
vitro, corrosion ceases when an equilibrated ion concentration is reached, but in vivo, electrolyte con-
centrations remain in flux due to homeostasis, preventing equilibrium and resulting in complete material
corrosion[181]. Since in-vivo degradation rates depend strongly on the location of an implant within the
body and previous studies suggested that the degradation rate accelerates in surrounding tissues with
higher degrees of vascularization, as the enhanced exchange of bodily fluid promotes the degradation of

bioresorbable materials, a possible step will be evaluation under different PBS.

5.4 Electrochemical and Corrosion Experiments

Following the in-vitro degradation tests of TiO, coating on the AZ61A substrates, our investigation
advanced into understanding its electrochemical behaviour in simulated human body fluid environment,
starting by running Open Circuit Potential (OCP) tests in neutral and acid PBS.

For the uncoated AZ61A alloy, the OPC measurements in neutral PBS (Figure A-6-17) revealed
a corrosion potential (Ecorr) of -1,45 V. Similarly, in an acidic PBS, the Ecorr was -1,72 V. The corrosion
potential is a critical parameter in electrochemical analysis as it refers to the potential at which the an-
odic (loss of electrons) and cathodic (gain of electrons) reaction rates are in equilibrium, indicating a

pointwhere no electrochemical reaction is occurring. During the OPC tests, this equilibrium was visually
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observed with the absence of hydrogen (H.,) bubbles when the current reached zero. In contrast, for the
AZ61A alloy coated with TiO, coating, the OPC measurements in neutral PBS revealed a corrosion po-
tential of -1.66 V. Notably, in acidic PBS, the potential exhibited a distinct behaviour by continually rising
throughout the test, ultimately approaching -1.68 V (Figure A-6-18). This observed increase in potential
during the testin the acidic environment is indicative of dynamic electrochemical reactions occurring at
the material's surface, as the acidic medium brings the OCP of the coated alloy to values closer to the
neutral medium, an increase unlike what is observed in the coated alloy. After OCP test we measured
the PBS solution having indeed increased. We also noted a decrease in the OCP value of the coated alloy
in neutral medium when compared with the test in neutral medium without the TiO, coating. Regarding
the OCP tests of the coated alloy in acidic pH, we start by observing a stabilization slope at around -1,75
V, at which point the potential showed irregular behaviour and begin its increasing state until the tests
were concluded. One possible explanation could be the integrity of the TiO, coating when in acid me-
dium, which may lead to expose areas of the alloy, bringing the corrosion potential to similar values of
what is observed in the neutral PBS. Also, the coating and alloy degradation byproducts may occur and
influence the solution pH (later confirmed), altering results unpredictably, as the degradation rate may
vary with the alloy areas exposed. In that regard we aimed to use substrates with the apparently most
uniform and cluster free coatings. Overall, it was observed a general decrease in Ecorr in the TiO, coated
filaments, which may indicate better corrosion resistance[179]. Then CV tests were started with a CV
trial of 50 cycles in neutral PBS and parameters described in section 4.6, evaluating the electrochemical
behaviour while optimizing the testing duration. Figure 5-9 refers to the first extended trial CV, performed

in neutral PBS, and the following CV test comprised of 20 cycles each.
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Figure 5-9 Trial CV test of 50 cycles in neutral PBS (left) and CV of 20 with parameters described in section 4.6 (right).

During the 50 cycles it is possible to notice that the protective layer that forms, resulting from
the reaction products that form during the test could explain the decrease in current until it reaches zero
as Magnesium works best as a conductor without the byproducts layer. Except for cycle 2, the curves
present a gradual decrease in current resulting from the formation of products, which acts a protective
layer preventing electrochemical activity on the substrate. This could mean that the system was still

stabilizing at cycle 2. At the end of the first CV test a layer of foam formed on top of the solution cup,
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greyish in colour. regarding the observed behaviour it could mostly be due to byproduct originated in the
degradation of the filament during the CV (Figure A-6-35). During cyclic voltammetry tests conducted
using a magnesium alloy coated with titanium dioxide electrochemical reactions may occur at the elec-
trode surface, in addition to the above mentioned in section 2.1.1. The cycle 20 testin a neutral medium
exhibited higher current value unlike expected. This could be attributed to the protective layer that grad-
ually forms during degradation and is not corroded by the surrounding medium, as opposed to the PBS
5.5, where the protective layer undergoes degradation. However, as the number of cycles increases, the
protective layer formed by the corrosion reaction products is gradually eroded in the acidic PBS but not
in the neutral environment. This observation may suggest the higher current values observed in the neu-

tral medium CV of commercial AZ61A Alloy with TiO, coating in acid medium.

5.4.1 CV of commercial AZ61A Alloy and TiO- coating

The first CV tests began by observing the difference in behaviour of the uncoated and TiO, coated
alloy in neutral and acid PBS. Figure 5-10 and Figure 5-11 shows our results. In both neutral and acidic
mediums, the TiO, coating significantly reduces the current compared to the exposed alloy, potentially
indicating less corrosion. The neutral medium exhibits higher current values than the acidic medium due
to increased corrosion of the magnesium alloy. However, the neutral medium shows narrower curves,
suggesting higher reversibility of redox processes and potentially increased mass loss. Regarding the
two media, we observed narrow polarization curve and lower cathodic peaks with the TiO, coating. Con-
versely, the acidic medium produces broader curves, indicating slower electron transfer kinetics and

reduced mass loss.

——Cycle 2
Cycle 6
020 —— Cycle 11

=
N
S

Cycle 16
Cycle 20

Current (A)
2 = =
2 3 @

=
=]
e

Voltage (V) Voltage (V)

Figure 5-10 CVs in neutral PBS of uncoated (left) AZ61A commercial alloy and with TiO2 coating (right).

The TiO, coating standardizes the curves and reduces corrosion in the neutral medium by maintaining
the protective layer formed by the coating and corrosion by-products. Despite higher current values re-
sulting from the corrosion of the protective layer, a steady decrease in current is observed throughout
the test. The broader curve in cycle 6 of the neutral PBS suggests a balance between alloy protection
from byproducts and the effects of pH and solution saturation on electrochemical kinetics. In the acid
environment, the uncoated alloy exhibited a higher cathodic peakin cycle 2 compared to the TiO,-coated

alloy, with a gradual decrease in current thereafter due to corrosion induced by the acidic medium. The
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absence of corrosion product aggregation prevented rapid increases in exposed alloy area and current.
The neutral CV showed slower electron transfer kinetics, suggesting that corrosion products restricted

the exposed alloy area, decreasing mass transfer and corrosion.
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Figure 5-11 Comparison between CVs in acid PBS of uncoated (left) AZ61A commercial alloy and with TiO2 coating (right).

The TiO, coating appeared to protect the alloy from environmental reactions, with lower ca-
thodic peaks observed in cycle 2. However, as the acid PBS corroded the TiO, layer, the exposed area
and current increased from cycle 6 onward. Although slightly higher current values were achieved in
neutral medium, the coated alloy consistently exhibited broader curves, indicating a positive contribu-

tion of the TiO2 coating in reducing electrochemical activity around the implants.

5.4.2 CV of WAAM AZ61A substrates with TiO, coating in PBS

Upon CV tests conducted at WAAM printed substrates, the results were gathered in Figure 5-12,
for neutral PBS and in Figure 5-13 for the acid PBS. As the WAAM substrates are larger than the filament,
they may have better withstood the 20 cycles. We noticed a decrease in current in the alloy, as the test
advanced. The uncoated substrates presented similar current values to those with coating leading us to
begin comparing the effect of the coating in similar environments. Initially, magnesium alloys are less

resistant to corrosion in an acidic environment due to the solubility of the corrosion layer.
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Figure 5-12 CVs in Neutral PBS of uncoated (left) AZ61A WAAM printed substrates, and with TiO2 coating (right).

However, as the test progresses, the reactions in the acid environment become less intense due

to the formation of a thick corrosion product layer, as shown in Figure 5-13.
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Figure 5-13 CVs in acid PBS of uncoated (left) AZ61A WAAM printed substrates, and with TiO2 coating (right).

Contrary to expectations, this layer does not detach easily, ultimately protecting the material.
Possible justifications include solution saturation, increased material roughness, pH changes, and dif-
ferences in the adhesion of corrosion products. In dynamic environments like the human body, constant
solution renewal and light cleansing may affect corrosion behaviour differently. Mass variation studies
of magnesium alloys are challenging due to the formation of corrosion product layers, with some results
indicating mass gain rather than loss [182]. Results were similar between commercial alloys and
WAAM-printed ones, even though differences may occur due to different surface area of the electrodes

when comparing AZ61A filament or WAAM printed substrates.

5.4.3 Mass Variation and Corrosion

Corrosion Mass Ratios

1,2

’

0,8

AZ61APBS7 AZ61APBS TiO2 coated TiO2 coated WAAM PBS7 WAAM PBS TiO2 coated TiO2 coated
5.5 AZ61APBS7 AZ61A PBS 5,5 WAAM PBS 7 WAAM PBS
5,5 5,5

Figure 5-14 Corrosion Mass Ratios in CV Experiments

Figure 5-14 shows the mass ratios calculated to determine the corrosion resistance of the Mg
alloy and the influence of the TiO, in that same resistance. To quantify the impact of the electrochemical
tests on our coated substrates, we performed weight change analysis. The substrates were weighed
both before and after the cyclic voltammetry tests. Any weight change observed indicate the extent of
material loss due to corrosion or other electrochemical reactions occurring during the tests [169].

Results show a clear difference between WAAM substrates and Mg filament. This could be due
to the difference in surface area of the WE compared with the CE. The TiO, could in fact considerably
improve mass loss through corrosion in the alloy and show similar results with uncoated WAAM printed

substrates. Further investigation is required to ensure feasibility of data. Upon observation of the CV test,
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which shows a decrease of current in acid mediums, a correlation with mass loss may be observed in
Figure 5-14.

The combination of OPC, CV, surface analysis, and weight change analysis provided a compre-
hensive understanding of how the TiO, coatings influenced the electrochemical behaviour and corrosion
resistance of the AZ61A commercial Mg-based biomedical alloy. Regarding the corrosion in uncoated
WAAM substrates, Figure A-6-32 and Figure A-6-31 show higher corrosion on the acid substrate. The
protective layer is absent, and the structure surface appears to show severe cracks, from which further
corrosion may occur. Figure A-6-41 and Figure A-6-43 show more cracks on the acid PBS, over the cor-
rosion products, where the Cl” penetrates the surface. Overall neutral PBS shows more corrosion prod-

ucts, and the corrosion products was formed with the hydroxide layer( Figure A-6-42 and Figure A-6-40).
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6
CONCLUSIONS AND FUTURE PERSPECTIVES

In the field of biomedical engineering, bioresorbable material stands at the forefront of innovation
in biomaterials. Set to be absorbed by human body, these materials corrode as their function in human
body is performed, without losing properties during the process. Mg based alloys shows great ad-
vantages in this field, but its limitations fall in the fast degradation rate of magnesium, Recently, a pleth-
ora of studies have suggested that the surface modification of these materials could lead to improved
corrosion resistance. This work aimed to investigate the effects of TiO, coating and electrochemical dep-
osition of Mg alloys on biodegradable implants through degradation tests, chemical and structural char-
acterization and electrochemical activity.

The ED process was conducted ate 0.5, 1, 1.5, and 2 V for the deposition periods of 15, 30 45 and
60 minutes. It was determined that, regarding our study, deposition at 1V for 45 minutes showed the
apparently best surface, later confirmed with Optical Microscope images. ED parameters of the follow-
ing depositions remained unchanged. SEM images confirmed that ED could indeed cover the substrate
with a homogeneous film, later confirmed anatase phase TiO2 through Raman Spectroscopy and XRD.
Coating thickness and integrity were obtained with the use of CTAB in the deposition period, followed by
an annealing process at 450 °C, to improve structure properties.

In-vitro degradation test revealed that the TiO, coated alloy presented overall better degradation
rates that uncoated Mg alloy, particularly in acid media. The TiO, coating was in fact capable of prevent-
ing precipitate formation. Additionally, when compared to the Ti based alloy or the AZ61A alloy, the TiO,
coating maintained structural integrity on the AZ61A leading to reduced loss of mass. Electrochemical
experiments demonstrated that OCP in coated substrates revealed generally lower Ecorr values, in neu-
tral and acid PBS. Regarding CV tests, materials revealed a decrease in cathodic peaks which can pro-
mote a favorable electrochemical response, observed through the SEM images after CV process, where
a protective layer formed in neutral PBS but was dissolved in acid PBS, thus influencing corrosion pro-
tective behavior. The following steps may involve using different SBF in biocompatibility behavior in-vitro,
toxicity, and cell adhesion tests to explore the biological properties of the substrates with TiO, coating
and different geometries and surface area in substrates. Potential enhancements could include con-

ducting tests under dynamic environments and utilizing real body fluids.
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ANNEX

Figure A-6-1 Photograph of the filament of AZ61A alloy, used to print the WAAM substrates.

Table A-1 Parameters values for the welding process - Wire Feed Speed, Travel Speed, Contact to Work Distance, Shield Gas

Flow/Rate and Voltage Trim)

WFS (m/min)

TS (mm/min)

CTWD (mm)

SGF (/min)

AV (V)

3,3.5,4,5.5

500, 550, 700

12,14,17,19

19

-1,-4,-5

Figure A-6-2 Photograph of a printed wall (obtained from[39]).
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Mechanical properties of base metals

Base Crystal Melting Density Ultimate tensile Yield strength Shearstrength  Elongation Hardness
metals structure point (°C) (g/CC) strength (MPa) (MPa) (MPa) (%) {Hv)
AAGD61 FCC 660 27 310 275 207 12 107
AZO6TA HCP 649 1.754 271 217 140 8.4 99

FCC, face centered cubic; HCP, hexagonal close packed.

Figure A-6-3 Mechanical Properties of AZ61A alloy (adapted from[151]).

Figure A-6-4 Microscope image of the filament of AZ61A alloy, used to print the WAAM substrates (5x)

Figure A-6-5 Photograph of the Electrodeposition Set-up (left) and the detailed plastic lid (right) with the Graphite rod as a coun-
ter electrode, attached to the red wire, and the commercial alloy AZ61A (right) or the WAAM printed substrate (left) as the
working electrode.
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Figure A-6-7 OM image of AZ61A filament after ED at 1V for 45 minutes - Border detail (uncoated (left) and coated (right)
(10x).

Figure A-6-8 Optic Microscope image of AZ61A alloy filament after ED at 1V for 45 minutes (5x)

—_—

Figure A-6-9 Optic Microscope image of AZ61A alloy filament after ED at 0,5 V for 45 minutes (10x)




Figure A-6-10 Optic Microscope images of ED in AZ61A alloy filament at 6V for 45 minutes.

Table A-2 Optic Microscope images of AZ61A alloy filament after ED at 1V,1.5 V and 2 V during 15 and 30 minutes (5x)

15 minutes 30 minutes
1V
1,5V
2V
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Table A-3 Optic Microscope images of AZ61A alloy filament after ED at 1 V,1.5V and 2V for 45 and 60 minutes (5x)

45 minutes 60 minutes

1V

2V
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Table A-4 Optic Microscope images of AZ61A alloy filament after ED at 1V,1.5V and 2V for 15 and 30 minutes (10x)

15' 30'
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Table A-5 Optic Microscope images of ED in AZ61A alloy filament at 1 V,1.5V and 2 V for 15 and 30 minutes (10x)

1V

1,5V

2v

45'
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%

Figure A-6-11 Photograph of Titanium based filament (A), AZ61A filament with annealed TiO2 coating (B), and uncoated
AZ61A filament (C) after Degradation Tests

Figure A-6-12 Photograph of uncoated AZ61A filament after degradation tests in acid PBS (1) and neutral PBS(2), and AZ61A
filament with annealed TiO2 coating, after degradation tests in acid (3) and neutral (4) PBS.
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Figure A-6-13 Raman Spectroscopy of the AZ61A commercial alloy coated with TiO: (left) and coated WAAM substrate (right)
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Figure A-6-14 XRD of AZ61A alloy with TiO2 coating (1-ED at 1V for 45 minutes without annealing; 2- ED at 2V for 45 minutes
without annealing; 3- ED at 1 V for 45 minutes with annealing)
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Figure A-6-15 Photograph of precipitates formed during degradation tests.
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Figure A-6-16 Peak details in XRD of precipitates formed in degradation tests of uncoated and unannealed coated AZ61A al-
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Table A-6 Mass ratios in degradation tests

Substrate PBS pH Weight Ratio
AZ61A alloy 7.4 1,0547  +0,0027
5.5 0,8947 10,0181
Titanium alloy 7.4 1,0091 10,0215
5.5 0,9989  +0,0307
AZ61A Alloy + TiO, coating with- 7.4 1,1643  +0,0082
out annealing 5.5 1,4774  +0,1067
AZ61A Alloy + TiO; annealed 7.4 1,0443  +0,0013
coating 5.5 1,2177 10,0819
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Figure A-6-17 OCP tests of AZ61A commercial alloy in neutral and acid PBS

—— AZB1A alloy with TiO2 Coating in neutral PBS
—— AZB1A alloy with TiO2 Coating in acid PBS

-1,65 4
-1,66
-1,67 A
-1,68 4
-1,69 1
B 170
-1,71
€ 172
-1,73 1
-1,74 4
-1,75
-1,76 4
=1,77 4
-1,78 4
-1,79 1
-1,80 T T T T 1
0 500 1000 1500 2000
Time (s)

Vref (V)

v

Ial

Potenti

Figure A-6-18 OCP tests of AZ61A alloy with TiO2 coating in neutral and acid PBS.
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Figure A-6-19 CV of AZ61A commercial alloy in neutral PBS.
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Figure A-6-20 CV of AZ61A commercial alloy in acid PBS.
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Figure A-6-21 CV of AZ61A commercial alloy with a TiO2 coating, in neutral PBS
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Figure A-6-22 CV of AZ61A commercial alloy with a TiO2 coating, in acid PBS
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Figure A-6-23 CV of WAAM printed Substrates in neutral PBS.
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Figure A-6-24 CV of WAAM printed Substrates in acid PBS.
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Figure A-6-25 CV of WAAM printed substrate with TiO2 coating, in neutral PBS.
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Figure A-6-26 CV of WAAM printed substrate with TiO2 coating, in acid PBS.
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Figure A-6-27 Comparison between CVs of AZ61A commercial alloy in neutral PBS (left) and acid PBS (right).
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Figure A-6-28 Comparison between CVs of AZ61A commercial alloy with TiO2 coating in neutral PBS (left) and acid PBS

(right).
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Figure A-6-29 CVs of AZ61A alloy WAAM printed substrates in neutral PBS (left) and acid PBS (right)

76



0,15 0,15 ——Cycle 2

——Cycle 6
—— Cycle 11
Cycle 16
Cycle 20
0,10 0,10
< <
€ €
14 o
3 0,05 30,05
0,00 / 0,00
/
-2 0 2 -2 0 2
Voltage (V) Voltage (V)

Figure A-6-30 CVs of AZ61A alloy WAAM printed substrates, with TiO2 coating, in neutral PBS (left) and acid PBS (right)

Table A-7 Mass Ratios of the CV Experiments

Neutral PBS | Acid PBS
AZ61A alloy 0,7197 0,6419
AZ61A alloy + TiO coating 0,7701 0,8181
WAAM substrate 0,9799 0,9925
WAAM substrate + TiO, coating 0,9804 0,9947
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Figure A-6-31 SEM image of WAAM after CV in acid PBS.
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Figure A-6-32 SEM image of WAAM after CV in neutral PBS.

78



i BKBSE. i e
Figure A-6-33 SEM image of WAAM after CV in neutral PBS (detail).
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Figure A-6-36 Photograph of WAAM printed substrates with TiO2 coating (coating on the right side).

lcm
—

Figure A-6-37 Photograph of sliced WAAM printed substrates without TiO2 coating.
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Figure A-6-39 Photograph of the three-electrode set up in CV experiments with reference electrode (A), working electrode (B)

and counter eletrode (C)
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Figure A-6-41SEM WAAM + TiO2 coating after CV in PBS 5,5
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Figure A-6-42 SEM Image of AZ61A alloy with TiO2 coating after CV in PBS 7
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Figure A-6-43 SEM Image of AZ61A alloy with TiO2 coating after CV in PBS 5,5
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