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Resumo

RESUMO

O desejo constante de superacao impulsiona a evolu¢cao num mundo moderno onde a mudanca ocorre
a uma velocidade estonteante. Os desafios tecnologicos e sociais sao cada vez mais ambiciosos, o que
se traduz na necessidade de solucdes extraordinarias, uma situacao transversal a todas as areas do
conhecimento. Tomando a area da manufatura e materiais como exemplo, tal torna-se evidente.
Aplicacées no ambito das areas aeroespacial, biomédica e ambiental encabecam os interesses e
prioridades das comunidades cientifica e industrial, o que ¢ justificado pelo impacto que qualquer avanco

nesses dominios podera significar para a sociedade.

Neste sentido, existe uma necessidade de materiais e processos que possibilitem obter o desempenho

requerido para aplicacdo em cenarios de grande exigéncia, como os referidos.

O magnésio e as suas ligas sao considerados fortes candidatos para aplicacao nas areas em questao,
especialmente para o fabrico de stents biodegradaveis, dada a sua excelente biocompatibilidade. Nao
obstante, a sua baixa conformabilidade a temperatura ambiente, a elevada reatividade e facil ignicéo

durante o e rapida degradacao sob condicdes fisiologicas dificulta a sua aplicacao alargada.

O presente estudo focou-se na investigacdo do potencial da aplicacdo de tratamento por ultrassons no
processo de fundicdo da liga de magnésio AZ91D-Ca, com o objetivo de melhorar as propriedades do
material através da modificacdo da sua microestrutura. O tratamento foi aplicado em dois momentos
distintos: (i) no banho metalico, de forma a promover a sua desgaseificacao e (ii) durante o vazamento e
solidificacdo do material, de modo a promover a afinacdo e modificacdo da microestrutura. A degradacéo
do material e consequente efeito nas propriedades mecéanicas foi investigada através da realizacao de
testes dinamicos de imersdo em EFarle’s Balanced Salt Solution. As curvas de tensdo-deformacao
resultantes dos ensaios de tracdo do material imerso até 7 dias foram utilizadas como dados de entrada
do modelo numérico desenvolvido com o objetivo de simular o processo de colocacao do sfente otimizar
a sua geometria. Os resultados obtidos demonstraram que o tratamento por ultrassom pode modificar
significativamente a microestrutura da liga de magnésio AZ91D-Ca, melhorando as suas propriedades
mecanicas e de resisténcia a corrosdo, o que, de acordo com 0s dados obtidos através da simulacao

numerica, se mostrou determinante no desempenho do stent.

Palavras-chave: Ligas de Magnésio; Fundicdo; Tratamento por Ultrassons; Analise de Elementos

Finitos; Stent




Abstract

ABSTRACT

In the modern world, change happens at lightning speed, and the eagerness for great deeds drives
evolution. The technological and societal goals are increasingly ambitious, translating into the need for
outstanding and complex solutions: this is a transversal and unquestionable truth to all the knowledge
areas. Considering the manufacturing and materials area example, this becomes crystal clear. The
aerospace, biomedical, and environmental-related applications have been leading the interests and
priorities of both research and industrial communities, which is motivated by the potential impact any

advance in this area can have in society.

In this sense, there is a need for materials and processes that can offer the properties required for

application in such demanding scenarios.

Magnesium and its alloys are considered strong candidates for these applications, especially
biodegradable stents manufacturing, because of their excellent biocompatibility. Nonetheless, some
issues, such as poor formability at room temperature, high reactivity and easy ignition during the melting
process and loss of mechanical strength motivated by fast degradation under physiological conditions,

hinder their widespread.

This study investigated the potential of applying ultrasound treatment to the casting process of AZ91D-Ca
alloys, aiming at improving the material’s properties by tailoring their microstructure. Ultrasonic vibration
was applied in two moments: (i) to the magnesium melt to promote its degassing and (ii) during the
pouring and subsequent solidification to induce microstructural refinement and modification. Dynamic
immersion tests in Earle’s Balanced Salt Solution were carried out to assess the degradation behavior of
the material and its effect on the mechanical properties. Uniaxial tensile tests were performed on the
material after immersion for up to seven days, and the strain-stress curves were used as input data for a

numerical model developed to simulate the stent deployment procedure and optimize the device's design.

It has been demonstrated that ultrasound treatment could significantly modify the microstructure of
AZ91D-Ca alloys, improving their mechanical and corrosion properties. Furthermore, the material’s
enhanced properties have been demonstrated to play a significant role in the stent performance assessed
through numerical simulation, stressing the potential of this technique for manufacturing magnesium-

based biomedical devices.

Keywords: Magnesium alloys; Casting; Ultrasound Treatment; Finite Element Analysis; Stent
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CHAPTER 1 — INTRODUCTION

A PhD applicant is expected to do research on a selected topic and contribute new information to the
area as part of the doctoral program. Moreover, it must be a priority to build the research so that the
outcome can answer a recognized issue or address a previously acknowledged lack, contributing to

improving the society to which one belongs and linking technical potential with human needs.

To demonstrate the candidate's suitability to be considered for a Doctor of Philosophy degree, this
document describes the knowledge produced in the field of magnesium alloy processing and the

numerical simulation of magnesium stents to be manufactured via ultrasonic microcasting.

1.1. CORONARY ARTERY DISEASE — THE 21--CENTURY HEALTH CHALLENGE

In recent years, the incidence of cardiovascular diseases (CVD) has increased and is now the leading
cause of sudden and unexpected death worldwide. According to World Health Organization data [1],
around 16 million people died of CVD and strokes in 2019, representing nearly 27% of all global deaths.
In particular, ischaemic heart disease has seen the most significant increase in fatalities since 2000,
rising by more than 2 million deaths to 8.9 million deaths in 2019. In fact, during the last 15 years, these
illnesses have remained the major cause of mortality worldwide [2]. Moreover, it is estimated that CVD
are responsible for the highest component of healthcare expenses, spending around €192 billion annually

in Europe, of which approximately one-third is allocated to direct treatment costs, with the remainder
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associated with informal care costs and productivity losses [3]. This value in the United States of America

may exceed USD 200 billion annually [4].

Nearly all occurrences of coronary artery disease and peripheral arterial disease are caused by
atherosclerosis [5]. This disease is associated with a chronic systemic inflammatory process that affects
the wall of coronary, carotid and aorta arteries and other peripheral vessels, compromising their elasticity
[6]. As a result of the deposition of lipids, macrophages, lymphocytes and fibrous tissue inside the intima,
the walls of the blood vessel become thicker and stiffer, limiting the lumen and, subsequently, the blood
flow to the organs. These phenomena result in ischaemic events that may lead to death. In addition, the
plaque may rupture, resulting in the development of a blood clot that might precipitate a heart attack [7].

The described process is shown in Figure 1.1.

v

| Atherosclerotic plaque
Partially blocked vessel

Figure 1.1 - Atherosclerosis progression (adapted from [8]).

Several approaches have been developed over the last several decades to treat patients with this illness,
improving their quality of life and decreasing the likelihood of fatal occurrences such as blood vessel
blockage. One example is percutaneous transluminal coronary balloon angioplasty (PTCA), in which a
balloon is guided through a wire to the stenosis site and is inflated to compress it, relieving the blockage
and restoring normal blood flow to the heart [9]. This procedure was a breakthrough in the percutaneous
coronary intervention (PCI) paradigm, which has previously undergone four significant revolutions [10],

as seen in Figure 1.2, where the main drawbacks associated with each one are also shown.
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* Presence of foreign * Device thrombosis
objects

* Stent thrombosis

* Late restenosis

« Acute restenosis * Presence of foreign
objects
* Late stent thrombosis

Figure 1.2 - Evolution of PCI over time.

The first PTCA with a balloon catheter was successfully performed in 1977 by Andreas Griintzig [11]. In
1985, he had completed 2623 interventions with a success rate higher than 90%. This treatment,
however, results in plague compression and/or even fracture, which commonly precipitates adverse
outcomes such as acute artery closure and restenosis. Towards this scenario of potential deathly
consequences, the enthusiasm about PTCA dampened, and coronary stent implantation emerged as a
promising alternative [10]. In the stenting procedure, a catheter system is used to place a stent in the
narrowed area of the blood vessel, followed by balloon inflation to expand it. As the stent deforms
plastically, the scaffolding effect remains, assuring the reopening of the artery even after the balloon and
the catheter system have been removed [12,13]. In Figure 1.3, the stent deployment process is

illustrated.

Self- or balloon-expandable metallic materials, including 316L stainless steel, cobalt-chromium alloys,
and nitinol, were often used in the initial generation of stents. Although the application of the bare-metal
stents (BMS) was initially pointed to as the solution for the problems presented by balloon angioplasty,
the clinical outcomes demonstrated the occurrence of adverse events, including in-stent restenosis (ISR),
neointimal hyperplasia, permanent physical irritation, chronic inflammatory local reactions, and stent
thrombosis (ST) [14]. Since the stent stays in the body after the patient has healed, the immune system
is stimulated to respond to this foreign material. Multiple autopsies revealed that the process after stent
deployment is analogous to wound healing and platelet adhesion, minor luminal thrombus formation,

fibrin deposition, and local inflammatory cellular infiltrate could be observed [15,16].
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Figure 1.3 - Stent deployment process: (a) catheter system placement of the crimped stent in the stenosed artery; (b)

balloon inflation and subsequent stent expansion; (c) balloon deflation and catheter withdrawal.

The development of drug-eluting stents (DES) arose from the attempt to mitigate ISR and vascular
inflammation events and so improve the effectiveness of stenting therapy. These stents were coated with
antiproliferative or immunosuppressive pharmacologic agents, such as paclitaxel and sirolimus,
embedded within a durable bioabsorbable polymer, and released locally over time, thereby reducing the

proliferation of smooth muscle cells and, consequently, the formation of neointima [17,18].

Although the initial controlled trials had shown positive results regarding the application of DES, late
adverse events were reported in posterior clinical studies [19-22]. The main concerns were motivated by
the suboptimal biocompatibility of the polymers used, which was the origin of a greater propensity for late
and very late ST and local drug toxicity [23]. Indeed, it was suggested that a connection could exist
between the presence of durable polymers and chronic vessel wall inflammation with delayed
hypersensitivity reactions, arterial healing, and complete stent strut re-endothelialization promoted by the
inhibition of endothelial cell proliferation, stent malapposition, and accelerated neo-atherosclerosis [23].
Moreover, the dimensions of the stent made it challenging to pass through the blood vessels, particularly
convoluted and tiny ones [17]. Despite these adverse effects, the ISR rate fell from about 20-40% with
BMS to 6-8% with the first generation of DES [23]. Even though the implantation of DES suffered a
significant reduction by 2007, clinicians began to prescribe dual antiplatelet therapy for periods superior

to one year after the procedure to avoid late ST.

To overcome the drawbacks presented by the first generation of DES, a second one was developed,
characterized by thinner struts combined with more biocompatible polymers and new cell-cycle inhibitors
such as everolimus and zotarolimus. These modifications permitted the design of novel DES with

enhanced flexibility, better drug deliverability, shorter release time, and improved re-endothelialization
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[24]. The third generation of DES with a three-layered polymer was then released, which granted
enhanced deliverability and suppression of the initial inflammatory response [25]. Such adjustments
increased the effectiveness of stenting treatments; yet, it was difficult to satisfy all medical needs and
eliminate the shortcomings in these devices up to that point. In fact, despite the frequency of ST having
fallen to <1.00% at a mean follow-up of 21.7 months with the most common DES, such a potentially
deadly complication is still a substantial downside [26], compounded by the much greater cost compared
to BMS. In addition, target lesion revascularization, the prevention of late lumen expansion, and the
absence of reactive vasomotion remained unaddressed when both BMS and DES generations remained

in the body and were battled as foreign bodies [10,27].

The most recent development in stent technology, biodegradable stents (BDS), is being touted as the way
to reduce the aforementioned adverse effects, marking the fourth revolution in interventional cardiology
[28]. BDS play a temporary scaffolding role while the vessel wall heals and reorganizes itself. During this
time, the stent dissolves, and the organism absorbs the resultant products until the device is eliminated.
This way, it is possible for the vessel to restore the vasoreactivity with the potential of vessel remodeling,
as stated by Hu et a/. [10], citing Waksman et a/. [29]. Different materials have already been used in
manufacturing metallic and polymeric BDS. Whilst the most popular polymeric stents include those made
of polymers synthesized from lactic acid, glycolic and caprolactone families, such as poly-L-lactic acid
(PLLA), poly (lactide-co-glycolide) (PLGA), poly-glycolic acid (PGA), poly (D, L-actide/glycolide) copolymer
(PDLA), poly-D, L-lactide (PDLLA) and poly e-caprolactone (PCL), the metallic options are focused mainly

on iron, magnesium and zinc-based alloys [10].

Magnesium is one of the most prominent metallic elements utilized in biodegradable biomedical device
production because of its favorable properties, mainly when alloyed. These materials exhibit outstanding
features, including excellent biocompatibility [30,31] and a high strength-to-weight ratio [32]. In addition,
the magnesium cations that occur from material breakdown under physiological circumstances may be
harmlessly and effectively eliminated in the urine [33], and they do not pose any carcinogenic risk [34].
Furthermore, magnesium alloys present excellent castability [35], even better than their aluminium and
copper counterparts, and high machinability, so complex designs can be obtained with dimensional

accuracy [36].

Despite the indisputable advantages of magnesium and its alloys, their application in the biomedical field,
particularly in stent manufacturing, is still challenging, primarily due to their high corrosion rate and poor

mechanical strength, which compromise the support provided to the blood vessel. Additionally, coronary
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stents are frequently obtained from laser cutting of micro-tubes, which may be found unfeasible for
magnesium alloys through conventional processes [37]. Indeed, due to their hexagonal close-packed
structure, magnesium and its alloys present limited plasticity and formability at room temperature,
requiring the micro-tubes to be produced at high temperatures to activate different slip systems and
deliver a homogenous material flow with enhanced formability. However, multiple sequential steps of hot
and cold working would be required [38], making obtaining micro-tubes with uniform thickness and high-

quality precision impracticable.

These drawbacks significantly restrict the widespread use of magnesium and its alloys in the stents
industry. Nonetheless, these constraints provide a window of opportunity and incentive to seek and study

innovative strategies for overcoming the known material and manufacturing process-related obstacles.

The Leaders for Technical Industries — Engineering Design and Advanced Manufacturing doctoral
program proposes a systematic approach to assessing such engineering challenges by training human
resources for integration into competitive engineering design and manufacturing scenarios while fostering
knowledge through research in relevant areas for disruptive innovation. In this regard, the pursuit of
cutting-edge technologies study and the search for new techniques and methodologies to improve
understanding in a specific area are driven by the program and are, thus, present in this work. A
comprehensive study on the manufacturing process's impact, in particular, the application of ultrasound
treatment to a magnesium alloy melt or during its solidification on microstructural, mechanical and
corrosion properties, was carried out. Additionally, the effect of the material's properties on the functional
performance of a coronary stent during its deployment and in-service time is assessed through finite

element analysis (FEA).

1.2. STATEMENT OF THE PROBLEM

The symbiosis between engineering, technology, and health professionals frames the future of healthcare.
The increasing complexity of our everyday challenges demands a comprehensive approach by a
multidisciplinary team in order to identify the most appropriate and beneficial answer. The manufacturing
of biodegradable magnesium alloys through ultrasonic-microcasting is currently under development as
part of a team project - UMTechnology - carried out in the Foundry Lab at the University of Minho,
comprising three main tasks, each associated with a PhD project, namely (i) Development of a new
technique for manufacturing biodegradable magnesium stents (Finished), (i) Biomechanical performance
of magnesium stents obtained by ultrasonic-microcasting. Numerical modeling and material experimental

characterization (this work) and (iii) Numerical and /n vitro study of blood flow to optimize biodegradable
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magnesium stents manufactured by micro-casting (ongoing). The development of the UMTechnology
project allowed, therefore, to address the mechanical engineering issues associated with the development
of biodegradable magnesium stents, from defining a manufacturing route to the evaluation by finite
element analysis (FEA) of their structural, degradation and hydrodynamic performance under
physiological-simulated conditions, including the optimization of material properties through ultrasound

treatment.

Aiming to surpass the already listed shortcomings of the current manufacturing technology, a micro-
casting technique resorting to ceramic moldings was suggested by V. Lopes [39] to produce
biodegradable magnesium stents. This fabrication route presents unique advantages compared to the

conventional ones, namely:

Investment casting makes it feasible to achieve near net-
Time and cost effectiveness shape components, resulting in a shorter production chain

with reduced related costs.

Casting procedures enable the production of stents in

various sizes and geometries [40] that cannot be produced

Versatility
using laser cutting or other traditional techniques (e.g: strut
cross-section variation).
Material modification to create Using chemical and/or physical procedures, such as
customized microstructural and microalloying and ultrasonic treatment, may alter the
mechanical qualities microstructure and performance of a material.

Laser cutting causes thermal damage such as heat-
affected zone, microcracks, and tensile residual stress,
adversely affecting corrosion processes /in vivo and
Improved corrosion resistance
increasing corrosion rates [41]. Casting procedures, on the
other hand, provide a smooth surface, which helps reduce
the material's deterioration.
This manufacturing technique represents a breakthrough in stent production, although its potential has
not yet been completely exploited. Specifically, it is unclear whether processing techniques of magnesium
alloys can modify the material's structure and thereby change its mechanical and corrosion properties to

fit the application requirements. In this regard, the ultrasound treatment of magnesium alloys is a

potential technique for refining their microstructure, which is anticipated to influence their mechanical




Chapter 1 - Introduction

performance and corrosion resistance significantly. The acoustic energy delivered to the molten metal or
solidifying material may refine the grain and intermetallic compounds, enhancing its mechanical
properties. Furthermore, the ultrasonic degassing effect helps reduce porosity, which is seriously

detrimental to mechanical strength.

Notwithstanding the already pointed advantages of such a methodology, casting magnesium alloys is still
challenging due to the material's high reactivity and flammability. In fact, using a protective atmosphere
of SF; gas is the most common approach to melt magnesium, making the process harmful to the
environment as this is the most potent greenhouse gas known. Considering the increasingly restrictive
environmental policies and the reasoned concerns about climate change, it must be a global goal to
reduce the impact of every human activity, in which manufacturing processes are included, for a more
sustainable economy, industry and society. In this sense, alternatives for magnesium casting are also

explored in this work.

This research studies the effect of ultrasound treatment on the microstructural and mechanical properties
of AZ91D-xCa (x = 1, 1.5, wt.%) in an attempt to determine the optimal processing conditions to meet
the performance requirements of a coronary stent. In order to assess the functional performance of
coronary stents, numerical simulations of their deployment are conducted using experimental data from

the material's characterization as input to the numerical model.

1.3. RESEARCH OBJECTIVES

Magnesium and its alloys are a subject that is gaining a great deal of attention in a variety of fields,
including the aeronautical, aerospace, and car industries, as well as the biomedical field. In 2021, in the
ScienceDirect database, magnesium and its alloys were the topic of almost 26,000 publications. In
addition, a substantial rise in the number of publications on biodegradable magnesium alloys has been

seen since 2005, demonstrating their importance.

Several works have been published in this context, focusing on magnesium alloys' microstructure,
mechanical properties and corrosion [42]. The exploration of processing procedures to optimize the
magnesium alloy's characteristics for use in stents is limited and mostly focused on severe plastic
deformation and chemical methods. In addition, even though FEA has been extensively used to model
the functional performance of stents, there is still potential to research how material properties affect

numerical outcomes.
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Hence, it is expected that this work explores the effect of the ultrasound treatment of a magnesium alloy
on its microstructural, corrosion and mechanical properties aiming to optimize the functionality of a
biodegradable stent assessed through FEA. To accomplish that, a set of multidisciplinary research

objectives (RO) was established:

RO1: Provide a characterization of the magnesium alloy AZ91D-xCa (x = 1, 1.5, wt.%) obtained through
ultrasound-assisted casting by developing a comprehensive study of the effect of the ultrasound treatment

processing conditions on the microstructural, corrosion, and mechanical properties.

RO2: Investigate the influence of the ultrasound treatment of the material on their downstream

processing (e.g., heat treatment and severe plastic deformation).

RO3: Characterize the corrosion behavior of the AZ91D-xCa (x = 1, 1.5, wt.%) processed under different

conditions when subjected to physiological-inspired conditions.

RO4: Develop a numerical model capable of simulating the stent functional performance using the data

collected from the material's characterization resultant from the above points.

As stated in the previous sections, magnesium and its alloys are undoubtedly part of the near future of
several industries. Nonetheless, challenges concerning their processing and performance must be
addressed to allow the magnesium-based components and products to be widespread. By accomplishing
the presented RO, this work may contribute to developing knowledge under the scope of magnesium alloy

processing, shedding light on their potential.

1.4. THESIS STRUCTURE

This document consists of six chapters, of which three are dedicated to presenting the research work
developed to accomplish the objectives defined in the previous section. These chapters are presented in
a research paper format comprising the methodology followed, the results obtained, their discussion, and
the key conclusions. Following is a brief description of each chapter to give the reader an overview of the

work presented herein.

In Chapter 1, the setting of the subject and the impetus for the investigation are described. The issue
description, research aims, and major contributions of this thesis to scientific knowledge within the

domain of magnesium alloy processing and FEA for stent functional performance evaluation are specified.

Chapter 2 is subdivided into two sections focused on the state of the art of (i) processing of magnesium

alloys and (ii) application of FEA for stent functional performance assessment. A systematic review of the
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application of ultrasound treatment for refining and modifying the microstructure of magnesium alloys
was conducted, allowing for discussion of the approaches and results reported in the literature. In the
scope of stent behavior simulation, the strategies adopted concerning the simulated system composition,

the constitutive material modeling, and the boundary conditions definition are detailed and discussed.

The results concerning the ultrasound treatment's effect on the outcomes of the heat treatment process
are presented and discussed in Chapter 3. Solution treatment is performed under different temperature
and time conditions to assess the influence of the as-cast microstructure on the intermetallics’ dissolution
kinetics. Furthermore, solution-treated samples are subjected to artificial aging to investigate the
material's precipitation behavior. The mechanical properties of the samples are assessed through
hardness measurements and uniaxial tensile testing of the material in the as-cast, solutionized, and peak-

age conditions.

Considering the relevance of the magnesium-based wires in the biomedical industry, namely for coiled
stent manufacturing, billets obtained through conventional gravity casting and ultrasound-assisted casting
were extruded to assess this processing route's influence on the corrosion behavior of the extruded
material. In this sense, Chapter 4 details the study of the wires’ degradation when subjected to a
continuous flow of Earle’s Balanced Salt Solution (EBSS) for up to 7 days and compares the results
obtained by the two materials considering the corrosion mechanisms involved, the degradation rate and
the corrosion products formed. The loss of mechanical strength due to the material deterioration is
assessed through uniaxial tensile testing of wires immersed for 48 h to 7 days. The material data is then
used as input for the numerical modeling of the stent performance, considering the decrease in the
mechanical properties in Chapter 5. Additionally, three other case studies concerning the application of
FEA to predict the influence of the (i) modeling strategy of the deployment procedure, (i) material

properties, and (iii) stent geometry on the stenting procedure are presented.

Finally, the concluding remarks are briefly presented in Chapter 6, as well as the main scientific outputs

of this work

1.5. CONTRIBUTION OF THE WORK

The extensive application of magnesium and its alloys depends on advances in safe handling,
enhancement of mechanical properties, and increased corrosion resistance. In fact, a shift in the industry
paradigms is being driven by the climate emergency and, more recently, by the world society context,

characterized by high uncertainty concerning energy availability.

10
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In this regard, the development of the current study, despite its emphasis on enhancing the material
performance for use in the production of stents, has yielded findings applicable to other applications,

notably structural ones.

The experimental work has proved that melting magnesium alloys without a protective atmosphere is
feasible if alloyed with elements such as calcium - AZ91D-xCa (x = 1, 1.5, wt.%) -, opening a new window

of opportunities for industrial usage.

The effect of the application of ultrasound treatment under different conditions on the casted products
was assessed through microstructural and mechanical characterization. The potential of this processing
technique for microstructure refinement and modification was demonstrated. Furthermore, the influence
of the ultrasound treatment on the downstream processing of the cast products through heat treatment

and extrusion was comprehensively investigated.

The degradation behavior of the AZ91D-xCa (x = 1, 1.5, wt.%) under physiological-inspired conditions
was studied through a dynamic immersion test of the wires obtained from non- and ultrasound-treated
casted billets in EBSS. This approach produced in-depth knowledge about the influence of the
microstructure on the corrosion behavior of the magnesium alloy. Additionally, the degradation of the
mechanical properties due to exposure to the corrosive medium was assessed through tensile testing.
The acquired material data was then employed as an input in the FEA of the stent's functional

performance, allowing for predicting the device's failure caused by a loss of mechanical strength.

11
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CHAPTER 2 — LITERATURE REVIEW

The development of magnesium-based biomedical devices is a promising research area that presents

exciting challenges regarding material processing design and manufacturing.

Although some magnesium alloy stents have previously been introduced to the market, there is still an
opportunity to improve the overall devices' performance concerning their mechanical and corrosion-

related properties [1].

In this regard, aluminum-containing magnesium alloys provide superior corrosion resistance and
enhanced mechanical properties, making them an attractive alternative for stent manufacturing. However,
the optimal stent has not yet been developed, and material processing and design optimization will

undoubtedly play a role in its development.

This chapter aims to review the literature published in the scope of the main pillars of this research work,
namely the ultrasound treatment of magnesium-aluminum alloys and finite element modeling of stents,
beginning by highlighting magnesium's contribution to the biodegradable device's domain. Following a
methodology for systematic review, the ultrasound-based treatment techniques for magnesium alloys are
described and briefly explored. The current state of the art regarding using FEA for stent performance

simulation is discussed in light of the stent expansion technique and design optimization methodologies.
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2.1. BIODEGRADABLE STENTS — IVIAGNESIUM AND ITS ALLOYS AS A PROMISING SOLUTION

The third revolution in stent technology, BDS era, aims to eliminate the difficulties associated with earlier
generations [2]. This approach involves the development of stents composed of materials dissolved or
absorbed by the organism over a period during which the stent offers support for the vessel wall, keeping
it open while the remodeling process continues. When the degrading process is completed, it is
anticipated that the vessel wall will be healed and, therefore, the restoration of vasoreactivity with the
potential of vessel remodeling and the restoration of normal vascular contractility are possible. Also, the

restenosis risk is lower than with BMS [3].

These biodegradable devices are intended to provide a scaffolding effect for about 6 to 12 months.
Afterward, the vessel expectedly returns to a more natural and healed condition [4]. Thus, the ideal BDS
verifies the following principles: (1) the stent rate degradation is such that it matches both the artery
healing and remodeling processes, therefore providing enough scaffolding support throughout this period,
and (2) the products that result from the degradation process are not harmful to the organism [2]. The
progression of the biodegradable stent's breakdown process and loss of mechanical integrity is shown in

Figure 2.1.

Remodeling period
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50+ 150
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- 0
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Figure 2.1 - Idealized progress of degradation (solid line) and loss of mechanical integrity (dashed line) of a biodegradable

stent (adapted from [5]).

Manufacturing a magnesium scaffold with suitable radial strength for an adequate period without overly
thick struts and capable of acting as a drug-delivery platform whose degradation does not produce an
unacceptable inflammatory response is a great challenge [5]. Indeed, device makers have offered many

stent models over the last few years, but most have failed [6].

Magnesium alloys have superior corrosion resistance and mechanical properties compared to pure
magnesium. Hence their use provides significant benefits compared to magnesium alone. Young's
modulus and yield strength of these materials are significantly lower than those of stainless steel or nickel-

titanium alloys, so stents manufactured in magnesium alloys must have thicker structures to ensure the
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scaffolding effect. On the other hand, thicker struts are also associated with higher risks of adverse events

such as ISR [7-9].

The first magnesium stent was built in AE21 alloy (Mg-Al-Mn), and its degradation took about one month.
Despite so, these preliminary findings were positive since they demonstrated biocompatibility, a minimal
inflammatory response, and hypothrombogenicity. Then, BIOTRONIK created and introduced the Lekton
Magic version of the device. This innovative stent was manufactured in WE43 magnesium alloy (Mg-Y-Zr-
RE) using laser technology and could remain in the organism for about 1 to 3 months. The efficacy of
these devices was assessed in a clinical trial whose results revealed that significant vessel recoil caused
by early radial strength loss and neointimal proliferation occurred when the biodegradable stent was used
[10]. These findings led to a new iteration in which a stent with a modified strut cross-section and cell
design was developed. In addition, a refined WE43 magnesium alloy was employed since it exhibited
lower degradation rates and improved collapse pressure than the previous model (1.5 bar vs. 0.8 bar).
Later, antiproliferative drug coatings were applied, resulting in the DREAMS-1G, the first drug-eluting

absorbable metal scaffold.

Currently, the second-generation DREAMS is commercialized as Magmaris, a magnesium alloy stent with
excellent radial support, longer scaffolding time, and degradation time superior to 12 months. This device
provided more flexibility, a more uniform vessel covering, and increased resistance to crushing. A coating
elutes sirolimus for more than 3 months, and tantalum radiopaque edge markers were added to enhance
the X-ray visibility. Magmaris received CE certification as the first bioresorbable drug-eluting metal scaffold
and the third drug-eluting scaffold device after the two-prior polymer-based Absorb BVS and DeSolve [11].

Figure 2.2 illustrates the progress of resorbable magnesium stents and their properties.

As a method to delay the corrosion rate, the alteration of the stent's shape and/or manufacturing process
has been suggested [12], and innovative structural design and microstructure modification have been

created in recent years. The advancement of the magnesium stents given by BIOTRONIK is one example.

Alternatively, magnesium alloys' chemical composition might be modified to circumvent the
abovementioned drawbacks. Mao et a/. [13] reported a magnesium alloy with the composition Mg-2.2Nd-
0.1Zn-0.47Zr wt.%, named JDBM-2, which is suggested to be promising once it combines the benefits of
standard medical stainless steel and polymer. Moreover, JDBM-2 provides a highly homogeneous
degradation mechanism and long-term structural and mechanical durability. However, incorporating Rare
Earth (RE) elements has considerable downsides, the most notable of which is the high cost and

environmental effect [14].
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(a)  Lekton Magic

FRNTII VTIPS
SRR XX PO
CC U TSSO
80 x 165 pm
WE43 magnesium alloy
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4-crown and 4-link design
Non-radiopaque
1 week scaffolding time

(b) DREAMS-1G
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PLGA coating, Paclitaxel
6-crown and 3-link design
Non-radiopaque
4 weeks scaffolding time

(c) Magmaris
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Tantalum X-ray markers
12 weeks scaffolding time

Figure 2.2 - Evolution of magnesium resorbable stents: (a) Lekton Magic, (b) DREAMS-1G, and (c) Magmaris (adapted from
[11]).

Consequently, even though the application of such materials represents a breakthrough in this field and
a promising alternative to traditional medical stainless steel and polymer for clinical applications, the

development of an efficient, cost-effective, and environmentally friendly approach is still lacking.

2.2. MAGNESIUM ALLOYS PROCESSING — THE ULTRASOUND TREATMENT AS THE ROUTE FOR
OPTIMAL MECHANICAL PROPERTIES

In recent years, there has been an increase in interest in magnesium and its alloys, particularly for
structural applications in the automotive, railway, and aerospace sectors [15-17]. Such popularity stems
from an engaging combination of comprehensive properties: low density, high strength-to-weight ratio,
excellent machinability, and good castability [18-20]. Moreover, magnesium is pointed to as the best

green material of the 21+ century, which yields an increasing interest in studying it comprehensively [21].

Despite the desirable characteristics of this material, demanding requirements are imposed on the quality
of the products, which emphasizes the need for ongoing development of metal processing technologies
[22]. Among other problems in the magnesium casting process, it is common to obtain heterogeneous
and coarse dendritic morphology due to its high susceptibility to solidification defects, which is seriously

detrimental to magnesium mechanical properties [23].

Several authors have pointed out the microstructure refinement of cast parts as a route for overcoming
the material defects enhancing magnesium alloys' mechanical performance [19-24]. Moreover, casting
processes that may provide a refined and homogeneous microstructure can be of great value since there

is a growing desire for cost-effective procedures capable of enhancing subsequent manufacturing
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processes [25]. The grain refinement of aluminum-free magnesium alloys can be easily achieved by
adding elements such as zirconium, and some works have already been carried out using additions
between 0.2-1.0 wt.% to promote heterogeneous nucleation [26-30]. However, this approach does not
produce satisfactory results in magnesium-aluminum alloys owing to the development of stable
intermetallic phases between aluminum and zirconium, such as Al.Zr, which are ineffective as magnesium
grain nucleants [31-33]. Likewise, refining elements like carbon, calcium, and strontium may also be
added. Nonetheless, the formation of intermediate compounds causes environmental issues [34], hot
tearing [35], and reduced ambient temperature properties [36]; therefore, the findings have not been

encouraging [37].

The matrix microstructure modification by a physical process may overcome the limitation of chemical
refinement methods as it may be applied regardless of the alloy composition and without changing it [20].
In the physical path to grain refining, an external field such as electromagnetic or mechanical
stirring/vibration, pulse electric current, or intensive shearing using twin screws, among others, is
introduced into the molten material during its solidification [37]. However, some obstacles were
discovered in the use of several of these strategies. The application of the mechanical stirring technique
is associated with the formation of unpredictable microstructures and phases due to the high temperature
of the melt that usually compromises the stirrer's integrity [38]. On the other side, in the electric current
pulse technology, the electric pulse needs to be directly passed through the melt, which may result in its
contamination, while a pulsed magnetic field requires an extremely high current which can result in

undesirable splashing at the top surface of the melt [39,40].

In this context, ultrasound treatment has delivered promising results in refining magnesium-aluminum
alloys [41,42], which explains why the number of studies on this subject has increased over the last

several years.

Compared to other grain processing methods, this technology offers substantial benefits for industrial
applications, including high grain-refining efficiency, simplicity of operation, and low cost, while needing
simple equipment that can be easily framed in the industrial environment. Moreover, conversely to what
is verified in aluminum alloys' melts, titanium sonotrode, which provides excellent dimensional stability
and high efficiency in transmitting the ultrasonic vibration, is very stable and almost insoluble in
magnesium alloys, preventing melt contamination [43,44]. Another advantage of ultrasonication is that
melt poisoning by oxidation is significantly diminished during irradiation, given that the melt surface is not

severely disturbed.
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The ultrasonic energy may be delivered isothermally or continuously via an immersed sonotrode into the
melt. A non-contact approach may be preferred depending on the melting point and chemical reactivity
of the sonotrode material [41]. Microstructure modification mechanisms depend on which treatment is
applied, so differences between results are expected. Indeed, the outcomes are conditioned by several
factors, including the temperature at which the treatment is applied, its duration, and the ultrasound

power deployed.

In this way, ultrasound application for grain refinement of magnesium-aluminum alloys has experienced
an interest rise promoted by the potential of these materials for high-tech applications. Although scarcely
explored, the refinement of magnesium-based alloys may constitute an interesting route for improving the
overall performance of biomedical devices, given that microstructure features are deeply associated with

mechanical and corrosion-related properties.
2.2.1.ULTRASOUND TREATMENT CONDITIONS

There are two approaches to grain refining using ultrasound treatment: isothermal or continuous
application of ultrasonic vibration to the melt during solidification. Concerning this issue, the research
does not indicate a clear preference for one of these techniques over the other, indicating that either may

help enhance the microstructure of the materials.

The definition of the ultrasound treatment parameters, such as ultrasound power, processing time, and
temperature at which treatment is performed, are key factors that researchers have comprehensively
investigated to find the optimal procedure, as presented in Table 2.1 andTable 2.2. The intended
application mainly determines the material selection. Still, a tendency to AZ91 (Mg-Al-Zn) trend might be
seen in this respect. Such a preference is justified by the popularity of this material for structural
applications, despite its high susceptibility to solidification defects, low strength, and low ductility at room
temperature [41,45]. Once these drawbacks may be overcome through grain refinement, this alloy

becomes a promising candidate for studying ultrasound treatment effects [19].
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Table 2.1 - Treatment conditions used in studies of continuous application of ultrasonic treatment during material solidification.

Ref. Alloy US Power [W] US Temperature [°C] US Duration [s] 0BS.
AZ3L; (a) The melt was homogenized at 725 °C - 750 °C after what it was
[20] AZ80; NA* From 725 -750 420 . &
ultrasonicated.
A791
From 615 to 580 From (a) Beozfore the ultrasound treatment, the melt was superheated up to
. . 720 °C, and the furnace was turned off. (b) A thermocouple was
[24] A791 NA 615 to 595; From 595 NA _ _ . .
inserted near the middle of the melt to acquire the temperature during
to 590 N
solidification
[43] A731 1700 W/cm: From 730 to 680 180 (a) The material was melted z_ﬂt 730 C, fclllowmg which it was removed
from the furnace for ultrasonication 680 °C.
(a) Before the ultrasound treatment, the melt was superheated up to
. . 720 °C, and the furnace was turned off. (b) A thermocouple was
[46] AZ91D NA From 615 to 580 NA inserted near the middle of the melt to acquire the temperature during
solidification.
AZ3L; (a) Ultrasound treatment was applied at 680 °C for 180 s after the
[47] AJ62, 1400 W/cme From 680 180 . . PP
A791 crucible had been withdrawn from the furnace.
[48] 7791 300: 500; 700 From 730 NA* (a) The melt was poured at 730 °C to a sand mold after what it was
ultrasonicated.
[49] Mg-8Li- 50; 110; 170; NA* 90 (a) The melt was poured into a stainless-steel mold preheated to 600
3Al 210; 260 °C in a preserving heat furnace.
. (@) The melt was kept at 700 °C for 15 min for homogenization. The
[50] AZ91D 400 From 680 to 608 NA molten alloy was then allowed to cool to 680 °C before pouring.
(a) The alloy was heated up to 720 °C and kept at that temperature for
[51] AZ80 600 From 650 to 571 NA* 15 min for homogenization after what the furnace was turned off. (b)

After ultrasonication, the crucible was withdrawn from the furnace.

NA* - Not Available; NA — Not Applicable

Table 2.2 — Treatment conditions used in studies of the isothermal application of ultrasonic treatment to the melt.
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. Pouring
Ref. Alloy US Power US Temperature  US Duration Temperature OBS.
[wi] [°C] [s] .
[°C]
(@) The melt was modified with C.,Cl, at 745 -C and
400, 600, The melt solidified  purified with Ar, at 720 -C before the ultrasonication. (b)
[41] A1 800, 1000 680 100 inside the crucible A thermocouple was inserted near the middle of the melt
to acquire the temperature during solidification.
[17]1 AZ91E NA* 740 60; 12226 180; 720
[22] A7Z91 120, 240, 360 700 300 700 -
[23] AS41 4300 W/cm? 605; 620 30; 60; 90 605; 620 (a) The material was melted at 700 -C
[52] AA@S(IJ 500; 1000 650 180; 300; 600 650
(a) Ultrasound treatment was applied at 700 °C, after
[45]1  AZ91 350 700 1200 720 which the melt was heated up to 720 -C
230 600; ) The melt solidified (a) The. mglt was kept at 650 .°C .for 600 s before
[53] AZ80 . 650 NA o . ultrasonication. (b) After ultrasonication, the melt was
950; 1400 inside the crucible . .
water-quenched immediately.
(54] Azgo 1200 (Singke) 650 300 650

600 + 600 (Dual)

NA* - Not Available; NA — Not Applicable
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In the casting process, magnesium's high reactivity is a concern when melting it, given its tendency to
oxidize and burn if no protection against oxidation is used. This behavior is caused by the formation of a
loose permeable oxide coating that allows oxygen passage, supporting burning below the oxide at the
surface and severely compromising the sanity of the piece due to oxide inclusions [55]. To prevent it,
most authors resort to a protective atmosphere composed of CO, and SF; as their presence promotes the
formation of the MgFe,, a compound that blocks the pores of MgO film and makes it more protective
against oxidation reactions [56]. An argon atmosphere may also help prevent magnesium alloys from
igniting, constituting a less environmentally harmful option. Moreover, combined with calcium
microalloying, which has been shown to increase the material's ignition temperature [57,58], this
approach may ease the magnesium alloys' handling and processing while offering an eco-friendly

manufacturing route.

Concerning the ultrasound treatment, the temperature at which ultrasonic vibration is applied is
significantly related to the effect the treatment is intended to promote. Ultrasound processing at
temperatures near /iguidus temperature favors cavitation-enhanced nucleation but inhibits the action of
cavitation-induced dendrites fragmentation, which may be detrimental to grain refinement results [59].
On the other hand, the application of ultrasonic vibration to solidifying material is often limited to a
temperature range to promote an action during specific solidification phases, namely a-Mg nucleation or
intermetallics formation. Regardless of the temperature playing a critical role in the treatment outcomes,
the ultrasonic power is a parameter that can also profoundly influence the results of material
ultrasonication, despite the type of treatment applied. In this context, different power values were reported
in the literature, ranging from 50 W [49] to 1000 W [60], which led to a different material response to
the treatment. Considering the approach adopted for the material ultrasonication, no relation appears
between the type of ultrasound treatment - isothermal or continuous - and the range of ultrasonic power

values applied.

The influence of the acoustic frequency applied was also a matter of study, although most authors had
chosen values between 19 and 20 kHz. Chen ef a/. [52] followed a different approach and investigated
the influence of the frequency used in the melt treatment of AM60 (Mg-Al-Zn) and AZ91 alloys by
comparing the results obtained using 15 kHz and 20 kHz. Such an increase was associated with a shorter
period for the growth of the cavitation bubbles in the melt, which became smaller and thus may exhibit a
more robust ability for degassing fine cavities on tiny particle surfaces, producing finer microstructure. An

original proposal was explored by Ning et al [54], who studied the effect of applying dual-frequency
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ultrasonic treatment to an AZ80 magnesium alloy melt and explained the experimental results in light of

the numerical ones obtained through simulation of the cavitation phenomenon.
2.2.2.MICROSTRUCTURAL AND MECHANICAL CHARACTERIZATION

Microstructural characterization is perhaps the preferred approach to assess the effect of ultrasound
treatment. The description of the material's microstructure, namely the grain size and sphericity
measurement, is addressed in most articles devoted to the topic. Most research focuses on the effect of
ultrasound treatment on the morphology and size of a-Mg. Table 2.3 displays the few known findings
addressing the alteration of f-Mg,,Al,, and Al;Mn. intermetallic phases when the metal molten is treated
by ultrasound. Khosro Aghayani and Niroumand [19] and Yang ef a/. [49] have previously identified a
lack of research on this topic, which must be addressed given that the morphology of intermetallics might

influence the mechanical and corrosion behavior of magnesium alloys [61,62].

In the non-treated condition, the a-Mg phase usually presents coarse and non-uniform dendritic
morphology, which is reported to be changed to a finer and more globular one after ultrasound treatment
by most authors. Nevertheless, Nie ef a/. [45] and Yang et a/. [60] have not observed significant changes
in the matrix structure. This situation is suggested to be promoted by the large gap between the treating
temperature and melting point of the material, which makes it difficult the survival of the newly formed
particles that remelt during the interval from the cessation of ultrasonication and pouring of the melt [60].
Moreover, the final grain size depends on the nucleation process and the growth setting. Nie ef a/. [35]
showed that a slow latent heat extraction due to a high mold temperature might impair the ultrasound

treatment's refining impact.
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Table 2.3 — Summary of microstructural analysis results reported in the literature.

Microstructural Analysis

Ref. Type Phase composition Grain size [um]
Non-treated US-treated Non- Us-
treated treated
There was no evident change in the ZMg phase between non- and
ultrasound-treated samples. The phase composition remained the same
when the applied ultrasonic power was increased. However, intermetallic
phases' size, percentage, and distribution altered significantly.
Equiaxed grains of a-Mg phase with Eutectic phase: when 600 W of ultrasonic power was applied, the area %
Isothermal , , o , . . . .
[41] Treatment dot-like particles distributed in the ofthe lamellar eutectic phase grew to its maximum level. A further increase NA*
grains. in ultrasonic power resulted in a progressive reduction in the percentage
of area. B-Mg,Al,,: when ultrasonic power increased, the fraction of S-
Mg Al,, surface area decreased. Al,Mn,: the average area of Al,Mn,
particles decreases as the ultrasonic power rises to 600 W and then
quickly increases as the ultrasonic power rises to 1000 W.
a-Mg phase: the grain size was finer than the untreated sample when
sonicated for 60 s. However, the microstructure presented a semi-
equiaxed structure composed of elongated and equiaxed grains. Additional
a-Mg  phase: coarse-grained  sonication to 120 s improved the grain size and morphology even further,
structure with a combination of and the microstructure evolved to a more equiaxed state with a reduced
equiaxed and elongated grains. - number of elongated grains. Sonicating for 180 seconds, the 144 (60 s);
Mg Al large continuous network microstructure became completely equiaxed with a significant decrease in 109 (120
Isothermal i _ _ o . .
[17] Treatment precipitated along grain boundaries. the grain size. Increasing the ultrasound treatment time from 180 to 240 202 s);
Mn-Al: blocky and needle-like shapes s did not significantly influence the grain size and morphology. 50 (180 s,
are not homogeneously distributed Intermetallic phase: as the sonication time increased, the f-Mg,Al,, 240 s)
through the matrix since large networks became more refined. The ultrasound treatment effectively
clusters could be observed. reduced the overall length of the eutectic networks and improved their

distribution. Upon sonicating the alloy for 120 s, the Mn-Al
intermetallics became more homogeneously distributed throughout the
alloy matrix with minimal signs of agglomeration.
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Table 2.3 — Summary of microstructural analysis results reported in the literature (cont.).

Microstructural Analysis

Phase composition

Grain size [um]

Ref. Type
Non- Us-
Non-treated US-treated treated treated
[20] Continuous Dendritic structure with long arms of  Non-dendritic fine grains of a-Mg phase. A gradual increase in the grain NA*
Treatment a-Mg phase. size was observed with increasing distance from the ultrasound radiator.
a-Mg phase: finer and equiaxed dendrites. The grain size decreased, and
the grain uniformity increased as the ultrasound power increased.
Although the grains were still dendritic, they exhibited fewer branches and
a-Mg phase: coarse and non- shorter arms at higher ultrasonic power, leading to higher sphericity.
uniform dendritic microstructure. B-Mg_Al.: smaller and more fragmented particles. The sphericity of the
p-Mg,Al,,: continuous network at particles, their uniformity, and distribution were enhanced. Higher 180 (120
[22] Isothermal the grain boundaries. Mg,Si: ultrasonic power led to better results. Mg,Si: globular and finer particles. 280 W, 240 W);
Treatment angular particles dispersed in the The results revealed a decreasing trend for Mg,Si particle size and an 125 (360
matrix. MgFeAI(Si): relatively increasing trend for their sphericity by increasing the ultrasonic power. The W)
spherical phase dispersed in the application of 360 W has produced the most refined particles with all
matrix. Mg.Si particles. MgFeAl(Si): smaller and rounder particles. The
increase in ultrasonic power led to better results; however, since these
particles are intrinsically round, the effect of ultrasonic treatment was not
as significant as on the other intermetallic phases.
605 °C: =
Equiaxed grains of the primary a-Mg phase were found along with a 175 (30 s);
Coarse dendrites with long arms of net_vvork of ﬁ-MgI,I_\Im intermetallic phase. Mg,Si phase in the Chinese 375 (605 =~ 125 (60
Isothermal a-Mg throughout the samples sc.rlpt structure |§ segregated a.Iong the grain boyndary. The °C): s); = 92
[23] Treatment demonstrate the dendrite growth microstructure obtained after ultrasonication at 605 °C was finer and more 330 (620 (90 s);
mode. globular than the material ultrasonicated at 620 °C. The increase in °C) 620 °C: =
ultrasound treatment duration led to finer grains, regardless of the 240 (30 s);
processing temperature. =~ 147 (60
5,90 s)
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Table 2.3 — Summary of microstructural analysis results reported in the literature (cont.).

Microstructural Analysis

Phase composition

Grain size [um]

Ref. Type
Non- Us-
Non-treated US-treated treated treated
The temperature at which the ultrasonic vibration was applied significantly
changed the morphology and size of the a-Mg phase.
F 615 °C to 595 °C
Coarse dendrites of a-Mg phase rom . .o
Continuous  throughout n ol Fine uniform grains of a-Mg
[24] ougnout ¢ SaMPe, £ om 595 2C to 590 °C and from 590 °C to 580 °C 500 NA*
Treatment demonstrating the normal dendrite » , . .
owth mode Dendritic grains of a-Mg. The microstructure of US-treated samples in the
& ' temperature range of 590 °C - 580 °C was coarser than that of samples
treated at 595 °C to 590 °C but slightly more refined than that without
ultrasonic vibration.
Refined equiaxed grain structure only below the ultrasound radiating face
. . . 107 (5 mm
when the sonotrode was deeply immersed in the melt. No noticeable
. . - ) . o below the
Continuous  Coarse equiaxed dendritic structure refinement occurred adjacent to the cylindrical face of the sonotrode near
[43] . - . . 2000 ultrasound
Treatment throughout the ingot. the melt surface. When the sonotrode was positioned just touching the L
s . ) . radiating
solidifying melt, an equiaxed grain structure was obtained at the central face)
region of the sample.
Continuous E](;steh((j)i?drltes (:I]Zhe a-MfarF:]haI: Refined grains of a-Mg phase. The grain morphology is significantly
[46] g p_ different since it was modified from developed dendrites to non-dendrites 900 195
Treatment demonstrate normal  dendrite .
grains.
growth.
Continuous . . : R .
[47] Treatment NA Finer grains of a-Mg NA NA
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Table 2.3 — Summary of microstructural analysis results reported in the literature (cont.).

Microstructural Analysis

Ref. Type Phase composition Grain size [um]
Non-treated US-treated Non-treated US-treated
The dendritic structure was fragmented, and a more globular
Coarse  dendrites of a-Mg phase formed. A gradual decrease in grain size was noticed as the
. . . o 195 (300 W);
Continuous  throughout the samples ultrasonic power increased. Although the grain size decreased
[48] , . . . 202 152 (500 W);
Treatment demonstrate the dendrite growth slightly at 300 W of ultrasonic power, the grain morphology was 146 (700W)
mode. still coarse. When the ultrasonic power increased to 700 W, the a-
Mg grains became finer and globular.
Fine and more homogeneous microstructure. Tiny particles from ‘(\g(?ols 122(;3
[sothermal Large dendritic grains of a-Mg the melt were noticed dispersed in the B-Mg,Al,, phase. The AZ91: 205; '
[52] . ) . ) kHz); AMG60:
Treatment phase. grains became finer when the frequency increased from 15 kHz to AM60: 200
90 (600 s, 20
20 kHz.
kHz)
Microstructure composed of primary
Isothermal a-Mg and eutectic phase [B- a-Mg phase: no relevant changes were noticed. f-Mg,,Al,.: finer .
[45] _ . ) ) NA
Treatment Mg, Al.. f-Mg_ Al plates located and oriented lamellar phase along the grain boundaries.
mainly at grain boundaries.
US Time = 90
s:~ 90 (50 W);
The morphology of the a-Mg phase was changed to a finely near- i Zg g;g w;
globular structure. The increase of ultrasonic power up to 170 W '
_ Coarse rosette structure of a-Mg ° . =60 (210 W);
Continuous improved the refining effect remarkedly. Nevertheless, when the
[49] phase surrounded by [-Mg,Al, . . = 140 =~ 70 (260 W);
Treatment ) ) ultrasonic power was 260 W, the microstructure got coarser. For
intermetallic phase. , ) US Power =
170 W of ultrasonic power, the longer the treatment, the finer the 170 W: ~ 80
a-Mg phase. (60 s): ~ 40
(90 s); = 35
(130 s)
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Table 2.3 — Summary of microstructural analysis results reported in the literature (cont.).

Microstructural Analysis

Ref. Type Phase composition Grain size [um]
Non-treated US-treated Non-treated US-treated
Coarse dendrites with long arms of The dendritic phase of the a-Mg phase was broken into a near
(53] Isothermal a-Mg throughout the samples globular one, and the grain size reduced remarkedly as the 387 147 (600 W,
Treatment demonstrate the dendrite growth ultrasonic power increased to 600 W. However, the grain became 15s)
mode. coarser when the ultrasonic power was 950 W or 1400 W.
Continuous Finer grain structure and more homogeneous a-Mg matrix
[50] Treatment NA* compared with the untreated samples. Uniform dispersion of the 120 64
intermetallic phase 5-Mg,,Al,, along the grain boundaries.
a-M hase: coarse dendritic
E P r r|.| a-Mg phase: refined equiaxial grains. f-Mg,,Al,,: the phase was
, structure, demonstrating a dendrite _ . _
Continuous ) broken into small fragments and became discontinuous. The R .
[51] growth mode. [-Mg,Al,,: coarse , , , NA NA
Treatment . number of B-Mg_Al,, particles along the a-Mg grain boundaries
reticular p-Mg, Al phase decr q
distributed along a-Mg boundaries. ecreased.
SUT 20 kHz: the grains were refined, and the secondary dendrite
arms were shortened remarkably. The intermetallic phase was
a-Mg phase: dendritic  fragmented, and its average area decreased. SUT 15 kHz: the
. . . . 123 (SUT 20
microstructure  with  developed secondary dendrite arm almost disappeared, and the roundness
Isothermal . . — D kHz); 99 (SUT
[54] secondary dendrite arms. - was increased. A significant amount of a point-like second phase 174 )
Treatment , . . . 15 kHz); 80
Mg_Al,,: continuous network along appeared. DUT: the grains became finer and spherical. The (DUT)

the grain boundaries.

second phase distribution was more dispersed and exhibited the
shape of a point and short strip. The intermetallic phase average
area decreases to its minimum.

SUT - Single-frequency ultrasonic treatment; DUT — Double-frequency ultrasonic treatment; OM - Optical Microscopy; SEM - Scanning Electron Microscopy; EPMA - Electron Probe Micro Analyzer; NA* — Not Available
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Another interesting finding was shared by Qian et al. [43], who reported that the microstructural
refinement was observed almost exclusively below the ultrasound radiating face. The grain refinement
effect became less significant in other directions, and the grain size increased progressively with
increasing distance to the radiating face. Despite the large cool surface and the melt surface disturbance
caused by transverse motion, there was no apparent grain refinement in the vicinity of the cylindrical face
of the sonotrode near the melt surface. In this way, the authors demonstrated that the immersion depth
of the sonotrode into the melt has no considerable impact on the effect of grain refining. Zhang ef a/. [20]
discovered that, although the impact of cavitation diminishes away from the radiator, the whole ingots
exhibited refined microstructure, suggesting that sufficient nuclei have been transported and distributed
in the bulk melt through acoustic streaming. The fragmentation of the 5-Mg,,Al,, continuous network and
its more uniform distribution along a-Mg grain boundaries were the most significant changes concerning
the effect of ultrasound treatment on the morphology of this phase [17,41,50,51]. Nie et a/. [45] also

documented a shift from coarse plates to fine and oriented lamellar morphology.

The effect of ultrasonic power on the microstructure of the material was explored in the works of Gao et
al. [48], Khosro Aghayani and Niroumand [22], Yao et a/. [49], and Yang ef a/. [60]. Most results showed
that the increase in ultrasonic power led to a decrease in grain size, which is explained by the associated
intensification of the cavitation phenomenon. However, according to Shao ef a/. [53], there is a threshold
value over which the thermal effect compromises the grain refinement ability. The resulting drop in the
melt's cooling rate may accelerate grain growth, hence diminishing the effect of ultrasound treatment on

grain refining.

Regarding the duration of the treatment, Chen ef a/. [59], Patel et a/. [23], and Emadi ef a/. [17] stated

that longer treatments result in smaller grains.

The Hall-Petch relation [63] describes the relationship between the microstructure of a material and its

mechanical properties:

o,=0,+kd™" (2.1)
where g, is the plastic flow stress [MPa], gy, is the friction stress of mobile dislocations [MPa], k., defines
the characteristic constant that depends on the number of impurities and alloying elements [MPa-nm],
and d is the grain size [nm]. In this sense, it is expected that the grain refinement effect of ultrasound

may be reflected in enhancing the mechanical performance of the treated material, namely in its tensile

properties (Table 2.4).
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Table 2.4 — Summary of mechanical properties reported in the literature.

Mechanical Properties
Ref. Type Yield Strength [MPa] Tensile Strength [MPa] Elongation Hardness [HV]
Non-treated US-treated Non-treated US-treated Non-treated US-treated Non-treated US-treated

Isothermal .
[41] Treatment NA
[17] 'sothermal 95 111 138 161 1.35 2.2 NA* NA*
Treatment
Continuous .
[20] Treatment NA
Isothermal .
[22] Treatment NA
Isothermal .
[23] Treatment NA
Continuous .
[24] Treatment NA
Continuous x
[43] Treatment NA
[ag]  Continuous 81 94 288 376 14.9 22% NA* NA*
Treatment
[a7]  Continuous NA* NA* NA* NA* NA* NA* NA* NA*
Treatment
Continuous 162 (300 W), 4:) S/O(%(\)A(/));
[48] NA* NA* 145 166 (500 W); 2.3% = NA* NA*
Treatment 195 (700 W) W) 5.2%
(700 W)

Table 2.4 — Summary of mechanical properties reported in the literature (cont.).
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Mechanical Properties

Ref. Type Yield Strength [MPa] Tensile Strength [MPa] Elongation Hardness [HV]
Non-treated US-treated Non-treated US-treated Non-treated US-treated Non-treated US-treated
A791:25% A7Z91: 80
Avigéblfsz(z%%o (1000 W, 20 (1000 W, 20
[52] Isothermal NA* NA* A791: 170; s),' AM60',175 A791: 3.7 %, kHz, 600 s); AZ91.72; kHz, 600 s);
Treatment AM60: 183 (1060 W 2'0 Ktz AM60: 5.6 %  AM60: 5.4 AM60: 64 AM60: 64
60(3 ) ' (1000 W, 20 (1000 W, 20
kHz, 600 s) kHz, 600 s)
lsothermal No significant ~ No significant
[45] difference was  difference was 120 160 2% 4% NA* NA*
Treatment . .
noticed noticed
. 18.50 %
[ag]  Continuous NA* NA* 170 184 (170W, 90 14% (170 W, 90 NA* NA*
Treatment s) )
Isothermal .
[53] Treatment NA
[sop  Continuous NA* NA* 160 225 1.4% 3.5% 65 78
Treatment
[pyy  Continuous 87 107 118 170 2.1% 5.4% NA* NA*
Treatment
119 (SUT 20 155 (SUT 20
Isothermal kHz); 125 kHz); 174 (SUT . . . .
[54] Treatment 110 (SUT 15 kHz); 145 15 kHz); 193 NA NA NA NA
146 (DUT) (DUT)
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A network of the brittle f-Mg,Al,, phase resulted in poor mechanical characteristics in non-treated
samples, specifically low ultimate tensile strength and elongation. It was hypothesized that refining this
phase would significantly enhance these properties [22]. Nie et al [45] performed a solution heat
treatment for dissolving f-Mg,,Al,, and compared its mechanical performance to an ultrasound-treated
sample to corroborate this theory. The identical results obtained by both samples confirmed that the
reduction of B-Mg,Al,, continuity was behind the enhancement of the material's mechanical behavior.
Besides, the refinement of grains suppresses deformation by twinning and promotes deformation by
sliding, leading to enhanced ductility [46,48]. The same authors also suggested that the absence of
significant change in the yield properties of the ultrasonicated material was due to its weak effect on
refining the a-Mg phase. This assumption agrees with the results presented by other authors [17,51,54],

who achieved finer microstructures and improved yield strength.
2.2.3.MECHANISMS BEHIND ULTRASONIC REFINEMENT ABILITY

Ultrasound's widespread use in material processing stems from its remarkable ability to modify the
different phases and tailor the microstructure of light alloys. Indeed, the control of the material
solidification is crucial for improving the mechanical performance, cast quality, and downstream
processability of such alloys [64]. Despite that, the mechanisms that explain the ultrasound refining effect
are still the focus of several investigations, and a comprehensive explanation has not been formulated

yet.

The material microstructure is complex and multiphase, consisting of primary grains and intermetallic
and eutectic compounds. In this sense, the design of refining procedures is of tremendous scientific and
technological importance, but it requires an in-depth understanding of the material behavior during its

solidification [20].

Cavitation and acoustic streaming are frequently pointed to as the main mechanisms behind the efficacy
of ultrasound treatment regarding microstructure refinement. The cavitation phenomenon promotes a set
of effects that may be associated with a more refined microstructure, namely: (1) formation of localized
high-pressure points in the molten melt, which, according to the Clausius-Clapeyron equation, increases
its melting point, resulting in significant localized undercooling and intensified nucleation; (2) development
of pressure pulses during the compression period of the acoustic wave as a result of the collapse of
cavitation bubbles, promoting the rupture of large grains and dendritic arms as well as the disintegration
of inoculation substrates clusters; (3) vaporization of the melt at the surface of the bubbles during the

expansion period of the acoustic wave, promoting the decrease of the temperature at the interface where

33



Chapter 2 - Literature Review

solid particles start nucleating; upon the collapse of the bubbles, the newly formed particles are dispersed
into the melt; and (4) increase of impurities and solid particles wettability, favoring heterogeneous
nucleation. Furthermore, acoustic streaming, a liquid flow promoted by the acoustic pressure gradient,

plays an essential role in developing mechanical forces that fragment the dendrite arms and disintegrate

the particle's agglomerates. Additionally, it is beneficial for melt stirring [65].

The discussion of the mechanisms that underlie the ultrasound's ability to refine the material's

microstructure is reported by most of the works. A summary of the proposed mechanisms is in Table

2.5.

Table 2.5 - Ultrasound treatment mechanisms proposed in the literature.

Ultrasound Treatment Mechanisms

References

Increase of impurities wettability/ Heterogeneous
nucleation

[17,42,45-47,50,52,53,66-68]

Promotion of the recently formed nuclei survival through
increased cooling rate due to (i) metal chill effect of the
ultrasound horn and (ii) streaming effect, which promotes
the melt stirring and, thus, its faster cooling.

[46,48,68]

Increase in phases melting point promoted by the pressure
pulse caused by cavitation

[41,47,66,67]

Cavitation through undercooling verified at the melt/bubble
interface leads to local nucleation of the solid phase.

[48,52,66,67]

Dispersion of the recently formed nuclei in the melt,
enhancing heterogeneous nucleation.

[19,41,42,48,51,52,66]

Disintegration and distribution of the agglomerated nucleant

. [53,66]
particles
Local melting of thinner parts and sharp edges leading to [22]
their spheroidization
Fragmentation of the intermetallic phases [50,51]
Hard and soft impingement [22]
Decrease of solute enrichment at the solidification front due
to high-speed flow originated by the collapse of cavitation [51]
bubbles
Increase of cavitation area and initial cavitation nucleus [53]
Fragmentation of the dendrites under the action of pressure
. [50,51]
waves promoted by cavitation bubbles collapse
Mn-Al particles' nucleation from the oxide followed by them (17]

acting as nucleant for a-Mg
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Although the vast importance of cavitation and acoustic streaming in modifying the microstructure is well-
accepted, the investigation of other contributions from nucleation, particle fragmentation, and coarsening

is still scarce [20].

The temperature during cooling at which the different phases are formed defines how ultrasound
treatment may modify the materials' microstructure [22]. In this sense, the processing temperature is a

key parameter that may be selected to activate a particular mechanism or effect on a specific phase.

Indeed, Patel ef a/. [23] applied ultrasonic vibration isothermally to AS41 (Mg-Al-Si) melt at 605 °C and
620 °C and observed variations in the microstructure of the material. Above #he liguidus temperature,
ultrasonication promoted the formation of equiaxed grains, whereas, below the liquidus temperature,
globular grains were obtained. Towards these results, the authors proposed different mechanisms for the
refining effect of ultrasound treatment according to the processing temperature. The application of
ultrasonic vibration above the /iguidus temperature is suggested to promote cavitation and therefore (i)
enhance heterogeneous nucleation through the increase of melting point of the phases, (ii) improve the
wettability of impurities and inclusions that become active in the solidification stage, and (iii) induce
endothermic vaporization of liquid at the formed bubbles. At lower processing temperatures, the authors
hypothesized that the refining effect was caused by the fragmentation of dendrites caused by the
implosion of cavitation bubbles, followed by the formation of globular grains from fragmented dendrite
arms. In addition to the distinct mechanisms that act at different temperatures, the survival of the newly
formed nuclei is deeply dependent on this parameter. In this regard, Nie ef a/. [45] found that although
ultrasound treatment had improved impurities' wettability and favored heterogeneous nucleation, no
significant refinement of the a-Mg phase was observed. According to the authors, the remelting of the
newly formed nuclei may be the reason for such results since the melt was elevated to a pouring

temperature of 720 °C after ultrasonication.

Khosro Aghayani and Niroumand [22] reported an opposite conclusion, which showed the action of
ultrasonic cavitation on cleaning poorly wetted surfaces as the fundamental mechanism underlying the
attainment of a considerably finer microstructure. Additionally, they stated that cavitation and streaming
phenomena played a critical role in the disintegration and distribution of agglomerated nucleant particles.
The increased active nuclei led to earlier hard and soft impingement of the grains and, thereby, to the

microstructure refinement.

Concerning intermetallic phases, the effect of ultrasonication is debated regarding mainly S-Mg,Al.,

morphology. The -Mg,Al., phase has a formation point of 460 °C [69], which is far below the /iguidus
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temperature of magnesium alloys. Consequently, it is not expected that the pressure pulses may trigger
such a high undercooling, so acoustic streaming is suggested to be the dominant mechanism behind this
phase refinement. In this regard, Yang et a/ [60] indicated that the acoustic stream promotes the
decrease of aluminum boundary segregation and, hence, the decrease of aluminum concentration at the
grain boundaries. According to the lever rule, such an event leads to a decrease in S-Mg,,Al,, formation.
Another interpretation was proposed by Khosro Aghayani and Niroumand [22]. They hypothesized that
the increased grain boundaries of a-Mg and the more uniform chemical composition of the melt were the
mechanisms behind the precipitation of f-Mg,,Al,, phase at more locations, decreasing its continuity and
size. Puga et al. [50] suggested fragmentation of the -Mg,Al,, phase under acoustic streaming as a
promoter of intermetallic refinement, which is likely to happen once the authors applied the ultrasonic

vibration to the mold during the material solidification.

The dynamic of Al:Mn, phase formation under ultrasonic vibration was described by Yang et a/. [60], who
applied ultrasonic vibration isothermally at 680 °C, about 20 °C above the melting temperature of that
phase. The authors suggested that the rapid pressure pulses induced by cavitation might enhance the
Al:Mn. phase's melting point, resulting in significant local undercooling. Thus, the Al:Mns nuclei were
formed and uniformly distributed through acoustic streaming, leading to a refined intermetallic phase. A
similar explanation was proposed by Khosro Aghayani and Niroumand [22] for the refinement of Mg,Si
and MnFeAl(Si) intermetallic phases when subjected to ultrasound treatment. The same authors also
reported the local melting of thinner parts and sharper edges of these phases due to temperature increase
during half-period compression of cavitation bubbles. Such a phenomenon increased the number of

growing intermetallics and promoted spheroidization.

Table 2.6 present a summary of the objectives of the main articles in this scope and their key findings to

provide the reader with an overview of studies’ evolution in this field.
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Table 2.6 — Summary of the key findings reported in recent years.

Ref.

Key Findings

[41]

The microstructure of AZ91 alloy consisted of a-Mg phase, dot-like AIBMn5 phase in matrix, black
nodular 5-Mg,Al,, phase, and netted shape eutectic structure at grain boundaries.

The grain size of a-Mg grains did not decrease significantly, and the average area of Al,Mn, particles
decreased to the minimum when the applied ultrasonic power was increased to 600 W. Further
power increase caused an inversion in such a tendency.

The microstructure modifications were mainly associated with acoustic cavitation.

The area percentage of f-Mg,Al,, decreased gradually with increasing the applied ultrasonic power.
The fraction change is mainly attributed to the acoustic streaming by reducing the boundary
segregation of aluminum.

[17]

The ultrasound treatment successfully refined the grains of the alloy.

The application of ultrasound vibration for 180 s led to a significant decrease in the grain size
(nearly 75 %) compared to the non-treated condition. This outcome was attributed to the cavitation-
related cleaning and distribution of fine oxides as substrates for heterogeneous nucleation.

The area fraction and average size of the deleterious 5-Mg,,Al,, eutectics were decreased. This was
thought to be a side effect of the refined grains that resulted from ultrasound treatment.
Sonication of the melt resulted in increased area fraction, improved distribution, and spheroidization
of the Mn-Al intermetallics. This outcome was believed to directly affect ultrasound treatment
through improved nucleation and cavitation-induced undercooling of the melt.

The sonication process enhanced the mechanical properties of the alloy. The tensile and yield
strengths of the alloy increased by 17%, and the ductility by 63%. Finer grain size, decreased [-
Mg, Al, volume fraction, and improved Mn-Al intermetallics distribution were thought to have
contributed to this outcome.

[20]

Ultrasonication during the solidification of Mg-alloys AZ31, AZ91, and AJ62 showed extensive grain
refinement.

The refinement effect was more intense near the radiator, where the grain size was smaller. The
grain size increased gradually as the distance increased.

A direct correlation between the average grain size and the solute growth restriction factor was
observed in the alloys indicating that strong fluid flow under ultrasonication does not diminish the
growth restriction effect of solute.

Grain refinement under ultrasonication was attributed to enhanced nucleation, indicating an
increase in the number and potency of nucleating agents. At the same time, the eutectic and
intermetallic modification was suggested to be a growth-related phenomenon caused by coarsening
and spheroidization under the strong fluid flow from cavitation.
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Table 2.6 — Summary of the key findings reported in recent years.

Ref. Key Findings

Applying ultrasonic vibration to the melt before casting significantly affected the size and
sphericity of a-Mg dendrites and the size, continuity, sphericity, and distribution of
intermetallic particles formed during the cooling and solidification of the alloy.

The increase in the ultrasonic power provided smaller, more rounded, and better-distributed

[22] grains and intermetallic particles.

The microstructural effects were primarily associated with the cavitation and streaming
phenomena during ultrasound treatment in the melt.

The ultrasound treatment significantly enhanced the tensile strength of the AZ91 alloy. Such
an effect was suggested to be a consequence of the discontinuity and refinement of 5-Mg, Al,,

particles in these samples.

In the ultrasonicated AS41 alloy, a nearly non-dendritic and refined microstructure was

obtained instead of the non-uniform dendritic structure of the non-treated samples.

Equiaxed grains formed when the ultrasonication was applied above the /Jiguidus
(23] temperature, while globular grains were obtained when the material was ultrasonicated

below the liquidus temperature.

The average grain size decreased with an increase in the treatment time.

After the ultrasound treatment, the -Mg,Al, and MgSi intermetallic phases were well-

distributed along the grain boundaries.

The decrease in the temperature at which the ultrasound treatment is performed leads to
the reduction of the nucleation temperature and promotes the increase of the undercooling
for nucleation.
The application of ultrasonication at temperatures from 615 °C to 580 °C and from 615 °C
to 595 °C developed an undercooling smaller than the other tested conditions. The
[24] difference between them was approximately 2 °C.
The coarse dendrites formed with ultrasonic vibrations at temperatures below the /liguidus
temperature, while the finer microstructures were provided by ultrasonication during the
nucleation stage.
The grain refinement mechanism was discussed based on an analysis of the solidification
behavior under ultrasonic vibration. The authors suggested that a combination of enhanced

heterogeneous nucleation and dendrite multiplication led to the grain refinement obtained.

Ultrasonic refinement occurred almost exclusively below the radiating face. No refining effect
was observed adjacent to the cylindrical face of the sonotrode immersed in the melt, despite
providing a large chill surface and disturbing the melt surface through transverse motion.
The immersion depth of the sonotrode in the melt has no noticeable impact on the resulting
ultrasonic refinement.
The finest grain size resulting from ultrasonication occurred immediately below the radiating
[43] o : Y . .
face, and the grain size increased progressively with increasing distance from the radiating
face towards the crucible walls.
Ultrasonic refinement is symmetrical about the principal ultrasound propagation direction.
The grain size along the principal propagation direction is progressively smaller than in other

directions at the same distance from the radiating face.

Table 2.6 — Summary of the key findings reported in recent years.
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Ref. Key Findings

On average, the grain density of the ultrasonicated material increased by a factor of 8 x 103

compared to the non-treated one. According to the authors, such a significant increase in
[47] grain density is associated with a dramatic rise in active nucleants.

In addition to the increase of the grain density, the presence of uniform equiaxed grains

suggests that the grain refinement achieved is more likely due to enhanced nucleation than

dendrite fragmentation.

The increase in the ultrasonic power used in the treatment of the material during its

solidification led to an increase in both nucleation and cooling rates. This way, the refinement
[48] of the AZ91 microstructure was promoted.

The coarse dendritic microstructure of the non-treated material was gradually transformed

into a more globular and finer one as the ultrasonic power increased.

Ultrasound treatment of the melt is a new approach for magnesium and magnesium alloy
casting. The fundamental basis is the generation of cavitation bubbles during ultrasonic
treatment of the melt, which induces dispersion and degassing action.

The application of ultrasonic vibration promoted the eutectic phase's refinement, the oxide
films' disruption, and the reduction of the inclusion of particle size.

[52] Ultrasound treatment had a grain refining effect on cast magnesium and AZ91 and AM60
magnesium alloys, but no improvement was observed regarding their mechanical properties.
The effects of grain refinement increased with increasing acoustic frequency, power, and
treatment time.

The results of grain refinement gradually faded with increased settling time of the melts after
ultrasound treatment.

The effect of ultrasonic vibration and solution heat treatment on microstructures and tensile

properties of AZ91 alloy was experimentally investigated.

Ultrasonic vibration substantially affected the sphericity and distribution of the 5-Mg Al,

phase formed during the cooling and solidification of the alloy.

The solution heat treatment dissolved the -Mg,,Al,, in both alloys with and without ultrasonic
[45] vibration.

A791 samples subjected to ultrasonic vibration exhibited improved tensile properties

compared to non-treated ones.

The effect of solution heat treatment on the morphology of 5-Mg, Al,, in the alloy can improve

the tensile properties. Such results suggest that the 5-Mg,Al, phase precipitation at grain

boundaries may be detrimental to the mechanical performance of AZ91 alloy.

Mg-8Li-3Al alloy microstructure was composed of @ and 8 phases. a-Mg was modified from
a coarse rosette-like structure to a finely globular one through ultrasound treatment. A finely
[49] rounded structure was obtained, especially when the power was 170 W. This effect became
better as the duration of the treatment increased.
An improvement of 9.5% and 45.7% were achieved in the tensile strength and elongation,

respectively, when ultrasound treatment was applied at 170 W for 90 s.
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Table 2.6 — Summary of the key findings reported in recent years.

Ref.

Key Findings

[53]

Ultrasound treatment of the melt refined the microstructure of the AZ80 alloy.

The authors suggested that such an effect was due to both cavitation and streaming phenomena.
The increase of ultrasonic power from 0 W to 600 W led to a significant decrease in the grain size,
but such a tendency changed when the power increased further.

The optimal ultrasonic power for the ultrasonic grain refinement of the AZ80 alloy was 600 W.

[50]

The application of high-intensity acoustic vibration promoted a uniform dispersion of the 5-Mg,Al,
intermetallic phase and reduced porosity.

Both tensile strength and strain were increased by 40.7 % and 150 %, respectively, when the
material was processed through ultrasound vibration applied to the mold.

Ultrasound treatment in the AZ91D samples suggested improving static mechanical properties
without compromising the dynamic mechanical properties of these alloys.

[51]

The microstructure of AZ80 alloy was remarkably improved after ultrasound melt treatment. The
primary a-Mg phase was changed from coarse dendrites to refined equiaxed grains, and the
continuous brittle 5-Mg,Al,, phase at a-Mg boundaries was refined and became discontinuous.
Ultrasound treatment decreased the segregation of aluminum at the grain boundaries, and more
aluminum dissolved into the a-Mg matrix.

The tensile properties of AZ80 alloy with ultrasound treatment were significantly improved
compared to those of the non-treated alloy. Such achievement was mainly related to the nearly
equiaxed microstructure and dispersed B-Mg,Al,, phase at the grain boundaries.

[54]

The effect of refinement of ultrasonic is better than conventional casting. The 15 kHz SUT
refinement is higher than 20 kHz, and the 15 + 20 kHz DUT refinement grants the best results.
The samples treated under DUT exhibited the highest tensile strength, followed by 15 kHz SUT and
20 kHz SUT.

Numerical studies performed by the authors showed that the cavitation area gradually increased
with the initial cavitation nucleus radius. In the range of initial cavitation radius, the cavitation area
produced by 15 kHzSUT was approximately twice that of SUT 20 kHz; After applying DUT, changing
the spatial distribution of the cavitation area and increasing of cavitation area were caused by
nonlinear superposition, and the cavitation area was more significant than the sum of the two SUT
cavitation areas, which justifies the improved results

The refinement of magnesium alloys is a hot topic that brings together the interest of both academic and

industrial researchers. Indeed, the results obtained mainly at the laboratory scale may be interpreted with

optimism regarding its scale-up to the industrial environment. This way, research might be conducted to

fully comprehend this processing approach's prospective outcomes and untapped capabilities. The study

of the influence of ultrasonication on the material's microstructure may bring vital information to clarify

the latter's role in mechanical behavior and shed light on different deformation mechanisms. Such

knowledge is of great value in improving the downstream processability of magnesium alloys. Also,

ultrasound treatment's role in these alloys' corrosion behavior is yet to be discussed. Comprehensive

knowledge of the effect of ultrasonication on the overall performance of magnesium alloys can open a
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broad new range of possible applications from which biomedical devices can be suggested as one of the

most promising ones.

2.3. THE ROLE OF FINITE ELEMENT ANALYSIS IN THE STENT DESIGN

Since more than a decade ago, FEA has been used in the development process of medical device design.
The finite element method (FEM) is a numerical approach that computes reactions across a discrete
number of points — nodes — over the domain of interest, allowing the solution of boundary value problems.
Its application in the biomedical device's design may provide critical information about the device's
performance in virtual conditions that represent its real application which is then used for further
optimization of the product. Before investing in costly prototype and bench testing equipment, FEA is a
quick technique to collect device performance data, accelerating the development time and decreasing

bench testing iterations [70].

2.3.1.STENT DEPLOYMENT PROCEDURE — THE SYSTEM ELEMENTS CONSIDERED IN THE

NUMERICAL MODEL

One of the pioneering works involving the application of FEM in the prediction of stent behavior was
presented by Whitcher et a/. [71]. In this approach, the author studied the fatigue behavior of a nitinol
stent, which was modeled as elastic-plastic despite its superelastic properties. This formulation does not
provide a complete constitutive model for nitinol alloys, but it is revealed to be satisfactory predictive of
the laboratory behavior for load cases at isothermal conditions and monotonic load cases. In this study,
only the preload, which corresponded to the artery reaction on the stent, and the pulsatile radial forces
resultant from systole and diastole were considered. The results showed that the peak tensile stresses
were opposite the contact area. These values were used to develop the Goodman diagram for fatigue
analysis, and the numerical model effectively predicted the experimental fatigue test. Although original,
this study had significant shortcomings, namely the simplistic material constitutive modeling of nitinol

and the neglect of the remaining elements of the system, i.e., the artery and the atherosclerotic plaque.

Following this example, more research has been performed to study the stent behavior in multiple
scenarios, from the crimping process through the deployment procedure. Different authors have proposed
several simulation strategies, reflecting different levels of complexity and accuracy. An overview of the
developed works in FEA of stenting procedure allows noticing that several methods were adopted
regarding the simulated system, the material formulation, and the boundary conditions, enabling the

comparison of the obtained results in each approach.
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According to Auricchio et al. [72], even though the need for accurate and better biomechanical studies
focusing on the stenting method has previously been acknowledged, there was a severe lack of research
in this field for a considerable amount of time. Indeed, in the same study, the authors highlighted some
of the limitations of the previous research, namely (1) the omission of some of the elements involved in
the stenting procedure, such as the plague and the artery, (2) the simplification of the material models,
which have different and quite complex constitutive models, and (3) the lack of a fully three-dimensional
approach to the problem. In order to reach these results, the research team performed a study whose
main goal was to investigate the revascularization of a stenotic artery through the deployment of a stent
by building a three-dimensional model of the complete system. The authors used a straight artery segment
and an atherosclerotic plaque modeled with a symmetric parabolic longitudinal profile, considering
stenosis of 53 %. Due to the lack of accessible experimental data, both the artery and the plaque were
considered homogeneous isotropic materials, using polynomial strain energy to model their behavior. The
stent's inelastic behavior was described as resorting to a von Mises-Hill plasticity model with isotropic
hardening. The presence of the balloon was represented by the application of a linear pressure increasing
from zero to 1.30 MPa in the inner surface of the stent, promoting its expansion, and a first study
considering the stent’s free expansion was carried out. The results showed that the stent's expansion was
not uniform, with the distal ends opening more than the central region of the device, in a positive
dogboning characteristics behavior. This situation may lead to vessel damage and must, thus, be avoided.
To address this issue, the authors inserted distal struts into the stent, resulting in a more uniform
expansion profile. In this regard, the modified stent was simulated considering the plaque and artery. The
results obtained regarding foreshortening, metal-artery ratio, and elastic recoil were very close to those

relative to the original device and reported in the literature.

Even after the authors had presented their approach considering all the elements involved in the stenting
procedure, the option of using only the stent to simulate the deployment procedure continued to be
adopted in several studies [73-78]. Nonetheless, this study constituted a substantial advancement in the
area of stent research, and it also provided several ideas for further research, such as evaluating the
balloon's presence and the artery's composite structure. Moreover, this study presents one of the first
strategies of stent geometry optimization, which, although based on the try-and-error method, has been

proven effective in reducing the dogboning metric.
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2.3.2.STRATEGIES FOR INFLATION BALLOON MODELING

The inclusion of the balloon in the stenting deployment numerical model as the promoter of the stent
expansion was later proposed by Chua ef a/. [79]. In this approach, the authors used a cylinder to
represent the balloon, modeled by a hyperelastic two-parameter Mooney-Rivlin law, and a Palmaz-Schatz-
inspired stent geometry. When the inner surface of the balloon was exposed to increasing pressure, the
stent expanded radially until failure stress was attained. The focus of this study was to analyze the stress
distribution over the stent structure and its foreshortening. The results showed that the highest stress
values were found in the corners of the stent cells, in their middle or bridging struts, as they are pulled
apart from the remaining cells to assume a rhomboid shape. The stent exhibited a foreshortening of
around 5 %. Although this work has brought a novelty by considering the presence of the balloon, it was
still possible to identify some gaps that motivated further investigations, such as the absence of both the
blood vessel and the atherosclerotic plaque, the neglection of the crimping phase previous to the stent
deployment and the lack of experimental work to validate the numerical model. To overcome some of the
limitations identified in this work, the same authors developed a complete model which included all the
elements involved in the stenting process, i.e., the stent, the balloon, the artery, and the atherosclerotic
plaque [80]. The authors concluded that the maximum stress location did not change despite both the
artery and the plague and remained at the cell's corners. Regarding the blood vessel, the maximum von
Mises stress occurred near the symmetry edge of the plaque, indicating the risk of plaque rupture. Another
important conclusion drawn from this study was that the presence of the plaque and the artery led to the

need for increasing the applied pressure to reach the same diameter, as can be observed in Figure 2.3.
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Figure 2.3 - Evolution of stent diameter with the deployment pressure obtained by Chua et al. [80].

As a result of including the balloon in the numerical simulation model, important questions have arisen

concerning its geometry and constitutive material modeling. Various strategies, ranging from adopting a
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basic cylinder to the actual fold-shaped balloon, were explored, and numerous studies were conducted to

determine the effect of the balloon modeling technique on stent performance.

Polymeric materials are commonly used for balloon fabrication, and cylindrical models cannot accurately
model their properties since they do not represent the initial phase of balloon expansion, which
corresponds to its unfolding. To overcome such limitation, Liang ef a/. [81] developed an innovative
approach to simplify the deployment procedure by using a stress-strain curve divided into two segments:
the first one, with a lower slope, represented the phase of the folded balloon deploying to its original
diameter, characterized by significant deformations under low pressures, and the second one, with higher

slope, corresponding to its elastic expansion.

Other attempts were presented by several authors, such as Gervaso ef a/. [82], who tested three different
modeling solutions that could be adopted to study stent-free expansion and stent expansion inside an
artery: (i) uniform pressure imposed on the internal surface of the stent; (i) rigid cylindrical surface
expanded with displacement control, and (iii) deflated polymeric deformable balloon. The three scenarios
are presented in Figure 2.4. The initial deflated configuration of the balloon was obtained by running a
pre-analysis in which a negative pressure of 0.01 MPa was applied to the inner surface of the cylindrical
balloon, resulting in a folded-like shape. When the presence of the artery was considered, i.e., in the
scenario of confined expansion, a pressure of 0.013 MPa was imposed on the internal surface of the
artery to mimic the physiological conditions associated with blood pressure. This study concluded that
when the load was applied directly on the inner surface of the stent in a free-expansion scenario, the stent
presented a barrel-shaped configuration during all the expansion phases. Otherwise, when the cylindrical
balloon promotes the stent expansion under the same conditions, it maintains its cylindrical shape
according to the linear displacement imposed on the inner cylinder—adopting the deflated balloon led to
the stent expanding from its ends, exhibiting the typical dogboning shape. The models in which the
presence of a balloon, cylindrical or deflated, was considered presented a similar stress distribution, while

the stent model showed the most uniform distribution.

Moreover, when the deflated balloon was used, the stress values were notably lower than those of the
remaining scenarios. All the studies presented comparable results concerning the maximum value of von
Mises stress and the foreshortening parameter. Towards such a fact, the three models can be used
interchangeably. The spatial stress distribution presented some differences, which may be related to the

different deformed shapes reached at the expansion's end.
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Figure 2.4 - Stent expansion modeling scenarios used by Gervaso et al. [82] and De Beule et al. [83] (adapted from [83]).

Considering the stent's confined expansion scenario, the increasing pressure caused artery wall strains
to rise. In contrast, once the nominal diameter was attained in the deflated balloon model, the
transmission of the pressure rise to the vessel was quite restricted. Although this study has brought an
interesting approach and essential conclusions regarding how the balloon modeling may impact the
results obtained, it presents a limitation regarding the artery-related outcomes due to adopting a linear

isotropic material model.

In a similar study, De Beule ef a/. [83] explored the impact of the balloon folding on the stent expanded
configuration, investigating the same three scenarios as Gervaso ef a/. [82] but with a different model of
the folded balloon obtained via micro-CT based image reconstruction. The results obtained in the three
studied conditions regarding the final stent configuration agreed with those of Gervaso ef al. [82].
According to the authors' analysis, the radial displacement-driven cylindrical balloon expansion method
provides useful and relatively accurate information regarding the final stent shape and the stresses and
strains the device is subjected to when the nominal diameter is reached. In light of these findings, this
method is considered the optimal choice since it represents a less computationally expensive model when
compared to the folded balloon one. To further optimize the transient expansion of a new design, however,
a model that is in good agreement with both qualitative and quantitative manufacturer's data and
experiments is required. According to the obtained results, adopting a folded balloon is a very promising
expansion strategy because it enables examining the balloon length, balloon-folding pattern, and stent
positioning on stent performance. As the stent's deployment pattern and ultimately expanded
configuration did not match the actual ones, disregarding the balloon's existence by directly applying
radial pressure to the inner surface of the stent does not seem to be a viable design choice. Migliavacca
et al. [84] had already drawn the same conclusion after comparing the expansion profile obtained

numerically with those provided experimentally using the optical extensometer.
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A different route was followed by Martin et a/. [85], who also developed a study focused on finding an
optimum strategy for modeling the configuration of the balloon. For that, the authors used three
increasingly sophisticated models of a semi-compliant balloon: Balloon A, for which the tri-folded
configuration and its attachment to the catheter were neglected, Balloon B, which presented a tri-folded
configuration but did not consider the attachment to the catheter, and Balloon C, which exhibited both

characteristics (see Figure 2.5).

o~ O
-7~ O

Figure 2.5 - Configuration of Balloon A, Balloon B, and Balloon C before deflation/folding (left) and following
deflation/folding (middle) and cross-sectional profiles of the deflated/folded configuration of the angioplasty balloon models

(right) [85].

Free expansion and expansion inside a stenotic vessel were considered for each arrangement. In both
scenarios, it was reasonable to conclude that the folded shape of the balloon had an important effect on
the pressure-diameter behavior of the stent, which became noticeable since the cylindrical shape of
Balloon A was achieved at a lower expanding pressure compared to Balloon B and C. Consequently, the
ultimate diameter of the stent following deflation of Balloon A was the greatest, followed by Balloon B and
Balloon C. Regarding the influence of considering or not the bounding to the catheter, it was concluded
that it did not present a significant impact on the results, since Balloon B and Balloon C showed similar
behavior. Furthermore, no substantial differences were found between the predicted radial recoil of each
balloon model, although some differences were noticed in foreshortening, mainly between Balloon C and
the other two. The dogboning result highlighted that the balloon's configuration influenced the stent's
transient behavior since its maximum occurred at different inflating pressures for each model. At the

same time, there were significant disparities in its magnitude, with Balloon B exhibiting the highest value
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of all the models evaluated. As previously suggested by De Beule ef a/. [83], the authors recommended
that the idealized balloon model be used in studies in which the transient behavior of the stent and the
magnitude of the stresses are not of critical importance, such as the exploratory studies performed on
the scope of stent design. However, in the process latter stages, a realistic model must be used to

accurately assess the impact of the behavior of the stent on the atherosclerotic plague.

In addition to the balloon's representation and geometry, constitutive modeling is crucial. Although other
laws may be used to model the material behavior, the most common ones are the isotropic linear elastic
and the hyperelastic models, which are chosen mostly according to the adopted balloon shape. Indeed,
the association of hyperelastic models with cylindrical balloons and linear elastic ones with folded

configurations are the most common options.

A resume of both geometry and material models used in balloon modeling is presented in Table 2.7.

Table 2.7 — Resume table of balloon modeling strategies regarding both geometry and material model.

Ref. Geometry Material Model
[77,79,80,86-92] Cylindrical Balloon Hyperelastic - Mooney-Rivlin
[93,94] Cylindrical Balloon Linear Elastic

[95-98] Folded Balloon Linear Elastic

2.3.3.ARTERY MODELING APPROACHES

As balloon modeling demonstrates, artery modeling presents significant geometry and material behavior
challenges. The stent-vessel interactions are important since they are a controlling factor of in-stent

restenosis [99,100].

Most studies [77,87,90,101] have treated an artery as a single-layer tissue, neglecting that the blood
vessel is composed of three layers with different behavior among them, influencing the system's overall
response to the stenting procedure. This assumption is inconsistent with the state of knowledge regarding
the characterization of arterial wall layers, which suggests that the fibre-reinforced structure of intima,
media and adventitia layers must be considered in modeling the deformation of the blood vessels [102].
Recent research has delved further into modeling the three-layered artery, and many methodologies have
been provided to analyze the stress created in the blood vessel. However, in a study developed by
Schiavone and Zhao [103], the results suggested that using a homogeneous artery did not provide
significant differences in expansion behavior (see Figure 2.6). Concerning the stress induced on the artery

wall, the authors found that both models showed similar maximum stress magnitudes but with different
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distribution. In the case of the single-layer model, the highest stresses are localized at the ends of the
plaque, while for the layered model, such values are distributed along with the whole plaque. Moreover,
since various material characteristics were applied to each layer, stress discontinuities were detectable

between them. Nonetheless, the authors noted that the layered nature of the artery must be recognized.

0.8 — 3-layer artery

0.6 == « Homogeneous artery
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Figure 2.6 - Results of diameter change of the stent for 3-layer and homogeneous artery models obtained from Schiavone

and Zhao [103].

In addition to the structural composition of the blood vessel, artery material displays a highly nonlinear
anisotropic behavior across the longitudinal and circumferential directions, which provides an additional
modeling issue [102]. Due to the difficulty of modeling the material behavior of the blood artery, various
models were used to explain it, with the anisotropy of the material being largely neglected. Using the
Mooney-Rivlin constitutive equation or the polynomial model [72], some authors [104-107] defined the
blood vessel as hyperelastic, while others [80,108,109] considered them as linear isotropic. Schiavone
etal. [97,102] proposed a different approach in which vessel anisotropy was considered, and the obtained
results were compared to those of isotropic formulations. In this instance, a Holzapfel-Gasser-Ogden
formulation was applied, and the obtained results showed that the rate of artery dilation was almost
identical for both models. However, it had been noticed a difference in stent expansion at peak pressure
(1.40 MPa): a diameter of 4.80 mm for the isotropic model versus a diameter of 4.70 mm for the
anisotropic model. Still, the final diameter of the stent after the balloon deflation was comparable since
the isotropic model presented higher elastic recoil than the anisotropic one. According to Schiavone and
Zhao [102], by presenting a higher elastic recoil, an additional compression on the stent is imposed,

leading to an increase in the stress induced in the stent by the artery when an isotropic model is adopted.
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Regarding the stress imposed on the artery, while there were no significant differences, with its maximum
value being 0.70 MPa and 0.65 MPa for anisotropic and isotropic models, respectively, it is proposed
that the latter has a smaller region susceptible to the greatest stresses. Given the impact this parameter
appears to have in the development of later adverse effects such as in-stent restenosis, it is very important
to model the artery behavior as close as possible to the real one, which is why the adoption of an
anisotropic formulation must be considered. Indeed, the same conclusion has been shared by Schmidt
et al. [110], who found significant differences between the simulations using an isotropic and an
anisotropic model for an atherosclerotic artery and pointed to as potential critical the usage of isotropic
models for the analysis of arteries during or after supra-physiological loadings, such as it happens during

the stenting procedure.

Some authors presented other interesting approaches regarding essential topics that needed to be
addressed in artery modeling. An example of such can be found in work developed by Wu et a/. [107],
who studied the stent expansion in a curved vessel and compared the results obtained with those of a
straight model. The single-layer vessel was modeled as a hyperelastic material using a four-parameter
Mooney-Rivlin constitutive equation, and pressure of 0.0133 MPa was applied to the inner surface of the
artery to mimic the blood pressure in the vessel. The results showed that the stent properly conformed
to the straight vessel but could not do it in the curved configuration, especially at its ends. In this scenario,
the stent straightened the middle vessel with full expansion and bent by the curved tissue after deflation,
although the central section remained straightened. Additionally, the maximum tissue prolapse in the
curved vessel was nearly double that of the straight model, as the distribution of tissue stresses was more
uniform in the latter, which also exhibited lower values of maximum stress on both the artery and the
plaque. These results show an increased risk of both restenosis and acute thrombus in the curved vessel
model due to the high levels of stress induced in the vessel and the excessive tissue prolapse. Thus, stent
design must be considered according to the clinical situation one intends to treat. The nonconformity of
the stent, which may be the source of the reported difficulties, is mainly attributable to inadequate
deformation of the link parts of the stent geometry, particularly at its ends, and may be addressed by

redesigning the stent geometry.

The suitability of commercial stents for curved vessels has been evaluated according to different criteria
proposed by several authors, including factors such as trackability, flexibility, conformability, or stress
induced on the artery wall. The performance of the stents regarding these metrics indicated that some

commercial stents might satisfy some criteria. Still, almost all of them are far from practical application
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for highly curved vessels [111], drawing an opportunity to develop design optimization methodologies to

meet such requirements.

A resume of the different approaches proposed to model the blood vessel is presented in Table 2.8.

Table 2.8 — Resume table of blood vessel modeling strategies regarding both geometry and material model.

Author Geometry Configuration Material Model
Cylindrical
[80] y Single-Layer Linear Isotropic
Vessel
Cylindrical Four-parameter Mooney-
[77] Y Single-Layer o P , y
Vessel Rivlin Hyperelastic Model
Cylindrical Five-parameter Mooney-
[87,90,105] y SingleLayer " Hooney
Vessel Rivlin Hyperelastic Model
Cylindrical Third-order Ogd
[58,85,86,98,102,103,112,113] " "°  Three-Layers rerorder Ueden
Vessel Hyperelastic Model
Curved Third-order Ogden
[114] Single-Layer e
Vessel Hyperelastic Model
Curved Four- ter M -
[107] urve Single-Layer ggr parameter | ooney
Vessel Rivlin Hyperelastic Model
Cylindrical Pol ial H lasti
[72,101] ylindrica Single-Layer olynomial Hyperelastic
Vessel Model
Cylindrical H fel-G -Ogd
[89,102,103] ANTICE Three Layers | ocoPior2asserugden
Vessel Model

The expansion of a stent inside a blood vessel will create significant stresses on both the artery and the
plaque, which may damage the tissue and cause in-stent restenosis. Several factors influence the level
of injury provoked by the stent on the arterial tissue, namely the stent design, the configuration of the
artery, the expanding pressures used to inflate the balloon, and the mechanical properties of both the

artery and the plaque [89].

2.3.4.NUMERICAL MODELING OF STENT FUNCTIONAL BEHAVIOR — THE ROLE OF DESIGN

OPTIMIZATION

Beyond the structural analysis of the deployment of the stent in the occluded vessel, several other works
were developed to study phenomena that are also involved in the process, some of which focused on the
fatigue life analysis of the stents, which is considered an important topic since that device is subjected to

cyclic loads caused by the pulsatile blood flow and might fail due to it [115-117].

In addition, it is essential to comprehend the development of the stent's mechanical characteristics with

material degradation, primarily for modeling and forecasting the device's function. Follow-up studies of
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clinical trials reported that artery remodeling occurred after stent implantation, which translated into the
reduction of the lumen area due to the stent’s support ability loss [118]. According to the data gathered,
the device failure was primarily driven by the early recoil, probably due to insufficient scaffolding time and
loss of radial strength [119]. The deterioration of the material’s mechanical properties must be compatible
with the time required for the blood vessel to heal, providing support during the whole process. The
evolution of the mechanical properties as a function of the immersion time is an essential input for the
numerical modeling of stent performance during its degradation allowing for failure prediction. Indeed,
the device's design and material processing may help control the mechanical integrity and scaffolding

effect losses through degradation behavior tuning.

Nonetheless, although some work has been published on the scope of mechanical properties' relationship
with immersion time [120-122], the literature discussing its application to FEA is limited. Indeed, only a
single approach based on stress-strain curves of a degraded Absorb stent was reported by Qiu ef a/.
[123]. The degradation process was modeled by incorporating the change of material property as a
function of time, and the interaction of the scaffold with the blood vessel was investigated. The results
demonstrated that over degradation times, the scaffold stress increased initially and then gradually
decreased as the scaffold material's yield stress changed, whereas the plaque and arterial layers showed

a continuous decrease in stress.

On the other hand, design optimization has been the subject of several recent publications. As stated
previously, there is evidence that the stent geometry influences not only the deployment parameters such
as expanding pressure and expanded diameter but also the performance parameters, like dogboning,
foreshortening, and elastic recoil, which are correlated with the inflicted damage to the arterial vessel and
stress during both balloon and stent expansion [124-126]. Consequently, stent geometry optimization is
one of the most critical topics in stenting process studies, and different approaches are reported in the

literature.

The optimization process may concentrate on one of the parts of the stent structure (ring or linkage
elements) or the whole structure. Some authors, like Imani ef al. [77], studied the influence of the stent
design by simulating different geometric models, comparing the obtained results in terms of stress
distribution, the relation between required expansion pressure and expanded diameter, and dogboning.
In a further attempt, Roy and Chanda [123] developed a study in which six commercially available stents
were tested under deployment conditions but neglected all the other elements. In addition to the

geometric differences between the considered models - Palmaz-Schatz, CYPHER (Cordis, J&J), S670,
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Driver (Medtronic, USA), Taxus Express, and Element (Boston Scientific, USA) - the applied materials
were also different, including 316L stainless steel, platinum-chromium, cobalt-chromium, nickel-titanium,
tantalum, and magnesium WE43. The obtained results concluded that, from a material perspective,
tantalum, nitinol, and magnesium WE43 were more prone to high-stress development; however, once
nitinol's ultimate tensile strength and yield strength are higher, this was a better option when compared

with the other two.

On a different approach, the role of the linkage element of the stent structure on stent performance was
studied by Azouzi et al. [127], that tested four different bridges shape and compared obtained results for

von Mises stress under bending and torsion solicitations.

Although these approaches may provide some insight into the impact of certain geometric characteristics
on the stent behavior and performance, a parametric optimization study embraces a larger group of
options, allowing a better perspective of the real impact of each design variable in the stent behavior.
Some authors adopted such a strategy and developed several works in this scope. As verified for the
study of the stenting process, the optimization models may also present different complexity levels.
Overall, the optimization process must accomplish the defined objectives by simultaneously manipulating

the control variables and respecting a set of constraints.

Li et al. [93] carried out a shape optimization based on a parametric model and defined an objective
function whose minimization allowed to maximize the radial gain and minimize the intrinsic elastic recoil,
radial loss, and dogboning. Furthermore, some conditions needed to be satisfied, namely (i) the von Mises
stress must be inferior to ultimate tensile strength, and (i) the foreshortening must be lower than 2.0 %.
The result of the work was an optimized stent geometry considering the referred objectives and
constraints. In the work of Amirjani et a/. [104], a multi-parameter CAD model where the evaluated
parameters were the stent struts width was developed, and its influence on von Mises stress over the
stent and artery, the stent recoil, and the wall shear stress on inner arterial wall tissue was assessed. The
authors used a model composed of the artery and the stent and developed a complete study that included
mechanobiological, hemodynamic, and drug delivery simulations. The suitable boundary conditions were
defined for each study, using a friction coefficient equal to 0.045 for stent/endothelial cells of the artery
pair and a blood pressure of 0.013 MPa. The drug delivery of heparin and paclitaxel was tested, and the
process was described by Fick's law, using Dirichlet and Newmann boundary conditions. The optimization
process had multiple objectives: (i) to improve the mechanical stability by minimizing von Mises stress

over the stent; (ii) to reduce the risk of biological damage of artery — ISR - by minimizing von Mises stress
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over the arterial wall tissue; (iii) to minimize stent distortion after loading, namely the recoil phenomenon;
(iv) to minimize the wall shear stress on inner arterial wall tissue. This process resulted in a set of values
for the defined parameters (stent widths) that granted the best commitment between the drawn

objectives.

A different methodology was presented by Li ef a/. [108], who developed a multi-objective optimization
method based on the Kriging surrogate model, aiming to decrease both dogboning and radial elastic
recoil of a Palmaz-Schatz stent. The optimized stent geometry decreased the highest value of dogboning
by 94% and the radial elastic recoil by 15%. In a more recent study [109], the authors combined the stent
and the balloon optimization to improve fatigue resistance and decrease the dogboning effect of the same
stent geometry. The final optimized geometry almost wholly eliminated the dogboning effect and improved
fatigue life, while radial elastic recoil was reduced by more than 30% and foreshortening decreased by
1.75%. A different vision was proposed by Han and Lu [111], who developed a novel approach for the
design of stents intended to be used for curved arteries, which lays on the optimization of the device's
deformation behavior, resorting to nonuniform Poisson’s ration distribution. Following the conclusions of
Raamachandran and Jayavenkateshwaran [128], who stated that the Poisson's ratio of the typical ring
and link structures could easily be modified from negative to positive values by changing the length of the
link element, the authors sought to locate the cells with negative Poisson’s ratio at the regions that need
to be lengthened (outer wall of the curved vessels) and cells with positive values at places that need to
be shortened (inner wall of the curved stent). For that, the stent structure was divided into small segments
whose Poisson’s ratio was optimized separately by changing the connection point between the parts. The
proposed method was applied to the design of stents for both a single curvature artery and a patient-
specific multi-curvature vessel. The simulation results showed that the optimized nonuniform stents could
perform the curvature along with the expansion of the balloon, exhibiting the minimum strain energy and
straightening effects on the artery wall compared to the traditional stent models. Such improvement is

suggested to contribute to the significant decrease of the in-stent restenosis risk.

In an attempt that considers the constraints imposed by the manufacturing process, namely the
dimensional ones, Gomes ef a/. [129] proposed an optimization methodology for two different stent
geometries (Palmaz-Schatz-based model and NG model) of biodegradable magnesium stents obtained by
ultrasonic-microcasting regarding some standard performance parameters. Such an approach allowed to

achieve a significant reduction of required expansion pressure (30% for the Palmaz-Schatz model and
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55% for the NG model) and dogboning and foreshortening found a decrease of 97.3% and 86.6%,

respectively, for Palmaz-Schatz model, while for NG model such values were 13.6% and 50.0%.

The enhancement of devices’ radial strength has also been considered the main objective of some recent
studies, mainly concerning polymeric and magnesium stents. This tendency is justified by the inferior
mechanical properties of these materials compared to stainless steel, which demands higher strut
thickness to withstand the mechanical strength requirements for vessel support during the healing
process. However, thicker dimensions make the devices prone to in-stent restenosis, so efforts must be
made to find alternative designs to achieve optimal overall outcomes. In this regard, Li ef a/. [130] used
response surface models to optimize a BioMatrix stent by modifying its support ring structure. The
optimized geometry exhibited lower thickness (100 um vs. 150 um) while providing comparable radial

strength and significantly inferior maximum principal strain.

In addition to the design modification, other possibilities exist to improve stent performance, such as that
proposed by Khosravi ef al [131]. In this work, the authors suggested applying functionally graded
materials to achieve better results regarding the dogboning metric, a supposition confirmed by the results

obtained.

The analysis of the work published in the scope of the application of FEM to the study of stenting
procedure allows for identifying a window of opportunity concerning the development of specific models

that consider the manufacturing process's singularities.

In this sense, the present work aims at developing a numerical optimization routine capable of taking
advantage of the options provided by a new manufacturing process — ultrasonic-microcasting — to design
a novel biodegradable magnesium stent that may be seen as an option for the treatment of blood vessel
occlusions. Such a manufacturing technigue allows not only a broad new set of possible stent geometries,
namely with cross-section variation but also enables the processing of the material to achieve better
mechanical properties such as ductility, which are crucial for the performance of this device in both

deployment and service period.
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CHAPTER 3 — EFFECT OF ULTRASOUND TREATMENT ON THE AZ91D-
1.5% Ca DOWNSTREAM PROCESSING: SHIFTING THE HEAT

TREATMENT PARADIGM

Due to their exceptional physicochemical and biocompatibility qualities, biodegradable magnesium alloys
are among the most promising materials for biomedical devices [1]. Nonetheless, magnesium-based
devices face several unresolved obstacles that impede their broad implementation [2]. An example is
their inferior mechanical properties compared to the popular medical stainless steel, which makes
magnesium-based devices prone to fracture due to their low plastic deformation and high brittleness [3].
Furthermore, under physiological conditions, the corrosion rates of magnesium and its alloys are
excessively high, resulting in a loss of mechanical integrity and the inability to radially support the blood

vessel before the healing process is complete [4-6].

The material's microstructure, especially the intermetallic phases' composition and shape, is crucial to
magnesium alloy's mechanical and corrosion-related properties. This problem becomes even more
relevant, given that strategies based on alloying with calcium have been adopted to decrease magnesium
reactivity. In fact, casting and handling magnesium alloys is difficult due to their high flammability,
demanding a protective atmosphere of SF,; however, increasing environmental awareness has challenged

researchers and industries to develop innovative alternatives to SF, [7,8]. The addition of calcium
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increases the ignition temperature of magnesium alloys by 200 to 300 °C [9], decreasing their

flammability and making their castability less damaging to the environment [9].

On the other hand, calcium-containing magnesium alloys are characterized by a high fraction of coarse
intermetallic phases, mainly Al,Ca and (-Mg,Al,, which are seriously detrimental to the material's
mechanical and corrosion properties. Intermetallic particles are preferential sites for damage initiation
due to their proneness to cracking or void formation promoted by the matrix-particle decohesion, leading

to early fracture [10], while they may act as micro-galvanic corrosion sites [11].

Several approaches have been proposed in the literature to modify intermetallics' shape and distribution,
aiming to optimize the overall performance of magnesium alloys; from those, heat treatment stands out.
Without changing the alloy's base composition, heat treatment can change the morphology and area
fraction of the secondary phases, modify the grain size and promote solute redistribution, influencing the

material's corrosion and mechanical properties [12].

This chapter presents the study of the effect of the ultrasound treatment on the as-cast microstructure of
an AZ91D-1.5% Ca and its implications in downstream processing. The optimization of solution heat
treatment for the dissolution of intermetallics was then followed by aging heat treatment to explore its

potential for mechanical properties improvement.

3.1. ULTRASOUND TREATMENT OF AZ91D-1.5%CA — CONTINUOUS APPROACH

3.1.1.MATERIALS, PROCEDURES AND CHARACTERIZATION

300 grams of AZ91D-1.5%Ca alloy were melted in a SIALON crucible under an argon protective
atmosphere using an electrical resistance furnace. The chemical composition of the alloy is shown in
Table 3.1.

Table 3.1 — Chemical composition of AZ91D-1.5% Ca alloy (wt. %).

Alloy Mg Al Zn Mn Ca
AZ91D-1.5%Ca Bal. 9.7 0.5 0.2 1.5

The crucible and the furnace were pre-heated to 450 °C to eliminate humidity and moisture. The melt
was held at 620 °C + 5 °C for 20 minutes to allow the formation of the CaO protective layer, after what
it was heated to 660 °C + 5 °C, and held for homogenization for 10 min. The molten metal was then
ultrasonically degassed, resorting to the apparatus presented in Figure 3.1 After the degassing procedure
(4 minutes), the molten metal was poured into a pre-heated metallic mold (350 °C + 5 °C) coupled to an

ultrasonic device, as represented in Figure 3.2. Ultrasonic vibration was continuously applied to the
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solidifying melt until 525 °C £ 5 °C. For comparison purposes, experiments without ultrasonic vibration
were also conducted. Ten samples were cast for each experimental condition, with seven used for

mechanical testing and three for microstructure characterization.

All tests using the ultrasonic vibration were conducted using a multifrequency multimode modulation
(MMM) technology consisting of a high-power ultrasonic transducer, a booster with amplification of 1:2.5,
a holed waveguide (diameter of 35 mm), and the medium (liquid or mold + liquid). The ultrasonic device
presented a sweeping-frequency capability of adaptively modulating waveform generated by an MMM
ultrasonic generator. The equipment was fully controlled through dedicated software developed by MPI
(Le Locle, Switzerland). With the implemented feedback loop, the most efficient ultrasonic parameters for
the selected resonant frequency and electric power were adjusted to produce the medium's highest
amplitude and the largest frequency spectrum. Tests were performed using 400 W electric power and

19.8 kHz frequency using + 0.25 kHz sweeping.

Figure 3.1 - Ultrasonic degassing apparatus. (1) Dedicated Sofware; (2) MMM generator; (3) CompactDAQ (cDAQ); (4)
Resistance Furnace; (5) Transducer 20 kHz; (6) Termocouple type-K; (7) Acoustic radiator; (8) SIALON Crucible.
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Figure 3.2 - Experimental apparatus: (a) Resistance melt furnance equipped with a SIALON Crucible; (b) Mold-Ultrasonic

system assembly.

A LabVIEW-based dedicated program was used with a CompactDAQ (cDAQ) National Instruments system

to monitor and acquire metal and steel die temperatures online.

Samples for hardness testing and microstructural characterization were ground with SiC papers, polished
with 1 um polycrystalline diamond suspension, followed by oxide polishing using 0.02 m colloidal silica
to avoid the work-hardening caused by conventional grinding. Before optical microscopy analysis, samples
were etched with a 4% solution of HNO; in ethanol to reveal the microstructure (LEICA DM2500 M). A
deep etching technique based on the selective dissolution of the matrix was applied to study the
intermetallics' shape. More detailed analysis concerning the phase's morphology and chemical
composition was performed by resorting to a JSM-6010LV (JEOL, Japan) Scanning Electron Microscope
(SEM) equipped with an energy dispersive spectroscope (EDS) (INCAx-act, PentaFET Precision, Oxford

Instruments).
3.1.2.RESULTS AND DISCUSSION

Figure 3.3 (a) and (b) show, respectively, the microstructure of non-treated and ultrasound-treated
(hereafter referred to as US-treated) samples in the as-cast condition. Both microstructures were
characterized by the presence of the same phases, identified by EDS analysis as primary a-Mg and
secondary -Mg,Al,, and Al,Ca phases (Figure 3.3 (c) and (d)). The application of ultrasonic vibration
during the solidification is suggested to have remarkably modified the morphology of the intermetallic

phases, namely of the eutectic f-Mg,,Al.,, along with the refinement of the a-Mg phase, which showed a
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decrease of the grain size from 80 + 8 um to 32 + 4 um. An increased tendency of small and
homogeneously distributed divorced -Mg,,Al,, was noticed, which may be justified by the higher cooling
rate promoted by the acoustic streaming [13]. Additionally, the refinement of the a-Mg phase may have
led to the refinement of the S-Mg,,Al,, phase once the intermetallic is formed in the spaces between the

grains [14].

In contrast, in the absence of the ultrasonic vibration, the 5-Mg,,Al., phase was considerably coarser and
presented mostly a partially divorced morphology typical of lower cooling rates. A combination of reticular
intermetallic distributed along the grain boundaries and coarse skeleton-like particles could be observed.
The intermetallic network became discontinuous and fragmented after ultrasonic vibration application,

exhibiting a more uniform dispersion.
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Figure 3.3 - Microstructure of (a) non- and (b) US-treated samples in the as-cast condition, (c) SEM image of the phases

identified through EDS analyses (d).

In addition to the modification of the 5-Mg,Al., phase morphology, remarkable changes in the morphology

and distribution of the Al,Ca phase were found, as shown in Figure 3.4.
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Figure 3.4 — Deep-etched microstructures of (a) non- and (b) US-treated samples.

Deeply etched microstructures allowed for a more detailed investigation of the intermetallics morphology,
demonstrating that both non- and US-reated samples had a lamellar Al,Ca phase with distinct
morphological features. In contrast to the non-treated sample, which exhibited a rosette-like structure for
the Al,Ca intermetallic, the US-treated sample developed an epitaxial platelet shape from the a -Mg phase.
Ultrasonic vibration at a temperature range near Al,Ca formation may have inhibited intermetallic
development, resulting in its modification and homogenous distribution [15]. It has been observed that
this modification of the intermetallic morphology increases the alloy's strength and ductility, highlighting

the possibility of ultrasound treatment to improve its performance in the as-cast condition.

3.2. OPTIMIZATION OF SOLUTION HEAT TREATMENT OF AZ91D-1.5%CA

Solution heat treatment has been proven effective in dissolving the intermetallics commonly found in
magnesium alloys such as AZ91D. During the heat treatment, precipitates are dissolved into the matrix,
resulting in a more homogenous distribution of the alloying elements [16]. This microstructure
modification may be related to changes in the material's mechanical and corrosion properties, which may

be helpful for biomedical applications.

Nevertheless, despite promising results reported regarding the beneficial effects of the intermetallics'
dissolution, the temperature and duration required due to the coarse morphology render this option
economically unattractive, while it brings additional issues such as surface oxidation and grain growth
[17]. The solution treatment optimization depends on the as-cast microstructure tailoring, which a
chemical or physical process can accomplish. Rare Earth elements have been found to refine the a-Mg
phase in aluminum-containing magnesium alloys. However, Mg-RE alloys have significant drawbacks,
including (i) possible adverse effects such as hepatoxicity promoted by yttrium, cerium, gadolinium, and

samarium, among other elements [18], (ii) the high cost associated with their obtention, which, due to
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the large quantity required, makes it impractical for industrial applications; (iii) casting issues such as
hot-tearing, and (iv) modification of the base alloy composition [19,20]. Otherwise, applying ultrasound
treatment to the molten magnesium alloy and/or during its solidification is a simple and cost-effective
alternative that has yielded promising results regarding the refinement of primary and intermetallic phases
while promoting their uniform distribution in the matrix [14]. Although some work has been published in
this regard, there is a lack of research on the impact of ultrasound processing of calcium-containing
magnesium alloys, especially concerning its effect on the outcomes of the subsequent processing routes

for biomedical applications.

In this sense, the effect of applying ultrasound treatment during the cooling of an AZ91D-1.5%Ca alloy on
the as-cast microstructure was explored. Also, to further investigate the effect of the as-cast microstructure
in the subsequent heat treatment, specifically in the kinetics dissolution of the intermetallic phases,
solution treatment was performed at different temperatures (385 °C and 415 °C) and periods (from 120
to 1440 minutes). This research reveals the possibility of modifying the as-cast microstructure to enhance
the solution treatment of magnesium-calcium alloys, so making this processing approach economically

viable.
3.2.1.EXPERIMENTAL PROCEDURE FOR B-MG,,AL,, DISSOLUTION

Samples from non- and US-treated cast billets were solution-treated at different temperatures (385 °C
and 415 °C) for different periods (120, 300, 720, and 1440 minutes) to promote the [-Mg,Al,
dissolution, followed by water quenching at room temperature to prevent further phase transformation by
residual heat. The metallographic preparation of samples was performed according to the procedure
presented in the previous section (3.1.1). SEM analyses were carried out to study the intermetallics shape
and fraction evolution as a function of both temperature and duration of heat treatment. Also, phase
identification was performed by X-ray diffraction (XRD) on a Bruker AXS D8 Discover with Cu-Ka radiation
(A=1,54060 A), scanning from 0° to 90° at a scanning speed of 0.02°/s. Hardness tests were
conducted using an Officine Galileo Mod. D200 tester under a load of 50 gf with a dwelling time of 15 s.

A minimum of five indentations were averaged for each reported hardness measurement.
3.2.2.RESULTS AND DISCUSSION
A. MICROSTRUCTURAL EVOLUTION OF NON- AND US-TREATED SAMPLES

The microstructure evolution of the non- and US-treated samples solutionized at 385 °C is presented in

Figure 3.5 for solution treatment duration from 120 to 1440 minutes.
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Figure 3.5 - Evolution of the microstructure of non-treated (a, b, ¢) and US-treated (d, e, f) samples during solution

treatment at 385 °C for 120, 300, and 1440 min, respectively.

As seen in Figure 3.5 (a)-(c), there was no detectable difference in the morphology of 5-Mg,Al,, in the
non-treated sample, regardless of the holding time. Indeed, coarse particles could be found even after
1440 minutes of treatment (Figure 3.5 (c)), suggesting that no considerable dissolution occurred under
these conditions. During the first treatment hours, the US-treated samples exhibited a reduction in the -
Mg,,Al,, phase (Figure 3.5 (d)-(e)), and after 120 minutes, just a few particles remained (Figure 3.5 (f)).
The difference observed in response to solution treatment at 385 °C of the non- and US-treated samples

is suggested to lay essentially in two factors: (i) coarser particles require more time and/or higher
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temperature to dissolve [21] and (i) according to EDS results, the concentration of aluminum in the
matrix surrounding the -Mg,,Al,, phase in the non-treated sample is higher than the observed in the US-
treated one, making the diffusion process more difficult due to the lower aluminum gradient. Therefore,
a longer time may be required for the homogeneity of the aluminum distribution throughout the matrix so

that intermetallic dissolution may occur.

As demonstrated in Figure 3.6, microstructural changes could be observed in both non- and US-treated

samples by increasing the solution treatment temperature to 415 °C.

Figure 3.6 — Microstructure of non- (a, b) and US-treated (c, d) samples solutionized at 415 °C for 120 and 1440 min,

respectively.

In the non-treated sample, although a reduction of the presence of -Mg,Al,, was evident even after only
120 minutes (Figure 3.6 (a)), some coarse particles remained regardless of the duration of the heat
treatment (Figure 3.6 (b)), indicating that more prolonged solution treatment could be necessary to
dissolve them further. In contrast, after 120 minutes of solution treatment (Figure 3.6 (c)), only tiny -
Mg,,Al,, particles were detected in the US-treated sample, suggesting that this intermetallics phase had
been almost completely dissolved after 1440 minutes (Figure 3.6 (d)). These findings were confirmed by

the XRD results (see Figure 3.7), which showed that after heat treatment at 415 °C for 1440 min, no -
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Mg,,Al,, peaks were detected in the US-treated sample, conversely to the non-treated one. Also, the results
obtained showed that the Al,Ca phase was present regardless of the processing conditions, stressing its

high thermal stability.
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Figure 3.7 - XRD analyses of non- (a,b) and US-treated (c,d) samples in the as-cast and solution-treated at 415 °C for 1440

minutes conditions.

Figure 3.8 shows the evolution of the intermetallic phases' area fraction as a function of the solution
treatment time, assessed through microstructures' image analysis. Due to their inability to be
distinguished, all intermetallics' surface areas were included in the measurements. However, given that
both Al,Ca and Al-Mn phases are thermally stable and do not dissolve at the temperature used for the
heat treatment [10,22], it was assumed that reduction in the area fraction corresponded only to the

dissolution of the f-Mg,,Al,,phase.

74



Chapter 3 — Effect of ultrasound treatment on the az91d 1.5% ca downstream processing: shifting the heat treatment paradigm

(@)11.00 (b)11.00

m 385°C m 385°C

10.00 ® 415°C 10.00 ® 415°C

0
o
]
%

=9.00 |

o
o
=3
®©
o
=]

——

-
o
o
oy
=}
S

Lol
o
o
o
o
S

Intermetallics Fraction (%)

Intermetallics Fraction

I

o
o
o

T

o

(=3

t=3

4.00 W 1 1 1 L L 1 L 4.00 L L L L 1 L 1 " 1 N 1 ) "
0 200 400 600 800 1000 1200 1400 1600 ’ 0 200 400 600 800 1000 1200 1400 1600
Solution Time (min) Solution Time (min)

Figure 3.8 - Evolution of intermetallics' area fraction during solution treatment at 385 °C and 415 °C of (a) non- and (b) US-

treated samples.

The non-treated sample demonstrated a higher intermetallics area fraction than the US-treated one, which
may be explained by the increased cooling rate and reduced segregation promoted by the ultrasound
treatment. These results are in line with those of Khan et a/. [24] and Jixue ef a/. [25], who studied the
effect of cooling rate on microsegregation in magnesium-based alloys, as well as with the observations of
He et al. [26], who discovered that faster cooling suppressed the formation of intermetallics in aluminum-
based alloys. The lowest intermetallic area fraction was attained following solution treatment of the US-
treated sample for 1440 minutes (4.7%), whereas the minimum value for the non-treated sample under
the same conditions was around 5.8%. Regardless of the processing conditions, a higher solution
treatment temperature resulted in a quicker reduction of intermetallics, although the difference was not

meaningful for the non-treated sample.

The evolution of the area fraction differed significantly between non-treated and US-treated samples.
During the first stage of solution treatment, the non-treated samples exhibited a sharp decrease in the
intermetallics fraction area, which may be attributed to the fast dissolution of the smaller particles.
However, the value stabilized when the solution treatment was extended from 300 min, indicating that
further dissolution hardly occurred. As previously reported by Papaefthymiou et a/. [23] for copper alloys,
these results reveal that coarse intermetallic particles were not dissolved into the matrix even after 1440
minutes, which may indicate that a higher temperature is necessary to accomplish complete dissolution.
On the other hand, US-treated samples demonstrated a steady decline in the intermetallics area fraction,
although less pronounced in the final stages of the solution treatment, mainly at 415 °C. Despite the
superior dissolution rate observed for solution treatment at a higher temperature, the intermetallics area

fraction was nearly the same at 385 °C and 415 °C after heat treatment for 1440 min. Nonetheless,
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solution treatment at a higher temperature allowed for a lower intermetallic fraction in a shorter period.
However, such a difference tended to decrease as the heat treatment duration increased, meaning a

progressively lower dissolution rate, especially from 720 min.

The dissolution kinetics of the [-Mg,Al, phase can be described by the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation as follows:

f =1—exp(—At") (1)
where fis the fraction dissolved at time t at a constant temperature, and k and n are the temperature-
dependent isothermal rate constant and the Avrami exponent, respectively, which characterize the
transformation process. By evaluating the experimental data and plotting In(In(1/(1- 7)) versus In(¢), ¢
and n values can be determined for non- and US-treated samples for both solution treatment conditions,

as depicted in Figure 3.9. The values of k and n are presented in Table 3.2.
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Figure 3.9 - Plot of In (In (1/(1 — f)) versus In (t) for (a) non- and (b) US-treated samples.

Table 3.2 — Constants of JMAK equation for non- and US-treated samples solution-treated at 385 °C and 415 °C, obtained
from Figure 3.9.

Condition Solution Temperature [°C] n[] k[]

Non-treated 385 °C 0.08 0.69
415 °C 0.47 -1.86

US-treated 385 °C 1.24 -7.87
415 °C 1.51 -8.88

The dissolution of the intermetallic phase is controlled by diffusion, which slowed down as the solution
treatment duration increased. This behavior is due to the increase in aluminum content in the matrix
surrounding the intermetallic particles, reducing the concentration gradient and, thereby, the dissolution
phenomenon' driving force. Also, the low diffusivity of aluminum in magnesium demands a longer time

to diffuse the solute to the matrix further, leading to a lower dissolution rate [11].
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The evolution of the intermetallics dissolved fraction obtained experimentally and by JMAK equation
solving is presented in Figure 3.10. The results showed that the dissolution of the intermetallic phases
was well described by the JMAK equation during the solution treatment, as evidenced by the good
agreement between the experimental and calculated results. The non-treated samples achieved higher
intermetallics dissolved fractions at the early stages of the solution treatment, which is explained by the
heat treatment being capable of dissolving only a small amount of intermetallics. In this way, the solution
treatment allowed mostly for dissolving small particles, meaning that the process developed fast.
However, the intermetallics area fraction reduction was not as significant as that observed for US-treated
samples, as depicted in Figure 3.8. The higher dissolution rate observed for US-treated samples is
suggested to be the result of the combination of fine intermetallics and homogeneous distribution of
solutes through the matrix, establishing a gradient of composition that allowed aluminum to migrate from

the intermetallic.
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Figure 3.10 - Intermetallic dissolved fraction obtained experimentally and by JMAK equation solving for (a,b) non- and (c,d)

US-treated samples solution-treated at 385 °C (a,c) and 415 °C (b,d).
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B. HARDNESS EVOLUTION OF NON- AND US-TREATED SAMPLES

The hardness curves for the non-treated and US-treated samples are presented in Figure 3.11. The

evolution of both samples' hardness agrees with the microstructural changes described above.
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Figure 3.11 - (a) Hardness curves for the non-treated and US-treated samples solutionized at 385 °C and 415 °C for
different periods; (1) and (2) representation of the dissolution process of S-Mgl7AI12 particles in the US-treated samples
after 2 hand 5 h.

In the as-cast state, the hardness of non- and US-treated samples was higher. In this condition, the US-
treated sample exhibited a significantly higher hardness, resulting from the refined microstructure. The
difference in the hardness of the non- and US-treated samples showed a tendency to decrease as the
solution treatment proceeded. While for the non-treated sample solution-treated at 385 °C, the hardness
value remained nearly constant throughout the treatment due to the lack of microstructural evolution, a
sharp decrease in the hardness of the US-treated one was observed during the first 2 h of solution
treatment, followed by its increasing. The inversion in the hardness-decreasing tendency of the US-treated
sample is suggested to be resultant of the balance between two mechanisms that act contrarily: (i) within
the first hours of the solution treatment, the smallest 5-Mg,,Al,, particles dissolved into the matrix (see
Figure 3.11 (1)), leading to the softening of the material once this is the hardest phase of the material
[24]; (ii) as solution treatment proceeded to 5 h, the coarser B-Mg,Al,, particles continued dissolving,

decreasing their size (see Figure 3.11 (2)) and becoming more evenly distributed, which led to an increase
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in the hardness [25]. For more prolonged treatment, most of the S-Mg,,Al,, dissolved, and the particles'

barrier effect faded out, causing the hardness value to decrease and stabilize.

When the solution treatment was performed at 415 °C, the hardness of both non- and US-treated samples
decreased due to the dissolution of the 5-Mgy,Al,, phase. The dissolution of the intermetallic phase is
mediated by the diffusion process, which is favored by the temperature increase, occurring faster. This
way, despite the remarkable differences observed between the as-cast microstructures of non- and US-
treated samples, [-Mg,Al, dissolution occurred in both. The increase in the solution treatment
temperature also contributed to the enhancement of aluminum diffusivity in magnesium, shortening the
time required for achieving a homogenous aluminum concentration in the matrix and, thereby, a suitable
concentration gradient to promote intermetallic dissolution. However, given the coarse and partially
divorced morphology of the f-Mg,,Al,, in the non-treated sample, this process is suggested to take longer
than in the US-treated sample, and a continuous decrease in the material's hardness could be observed
until after 12 h. The hardness of the sample increased after 24 h, which may have been promoted by the
presence of smaller and rounder intermetallic particles resulting from the dissolution of coarser ones. As
previously suggested, these smaller and rounder particles of the intermetallic phase can offer an
enhanced combination of strength and elongation [26]. Nevertheless, a continuous decrease in the US-
treated sample hardness was observed. Grain growth promoted by prolonged exposure to high
temperature may explain this tendency as the average grain size increases, and the reduced S-Mg,Al,

fraction has been reported to lead to the alloy softening [27].

Considering the results obtained, it is possible to conclude that the significant difference in the dissolution
rate of the -Mg,Al, during solution treatment between the non- and US-treated specimens may be
justified mainly through the particles' morphology, composition and distribution in the as-cast state along
with the aluminum concentration in the matrix. In the non-treated sample, 5-Mg,,Al, appeared mainly as
non-uniformly distributed partially divorced coarse lumps characterized by a small interfacial area for
aluminum atoms diffusion, hindering their dissolution [26]. The concentration gradient in the partially
divorced eutectic found in the non-treated sample was not uniform, which, together with the high
aluminum concentration in their surroundings, led to the dissolution of the intermetallic to be slowed
down [28]. Moreover, part of the added calcium was dissolved in the 5-Mg,,Al.,, which is known to increase
the thermal stability of this phase. According to the EDS results shown in Figure 3.12, the amount of
calcium dissolved in the f-Mg,,Al,, was higher in the non-treated sample than in the US-treated one. This

difference, allied to the larger intermetallic particles and higher aluminum concentration in their
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surroundings, can explain the lower dissolution rates of the non-treated sample. Also, the US-treated
sample exhibited smaller and evenly distributed S-Mg,,Al,, throughout the alloy, reducing the diffusion

distance and, therefore, shortening the time required for the dissolution process.
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Figure 3.12 - SEM image of 5-Mgl7AI12 particle in the (a) non-treated and (b) US-treated samples; (c) and (d) composition
of Z1 and Z2, respectively.

3.3. ARTIFICIAL AGING OF AZ91D-1.5%CA

The trade-off between magnesium alloys' strength and ductility is still a challenge that has been addressed
by several authors in the last few years [29-31]. Significant attention has been paid to wrought
magnesium alloys, resulting in significant advances [32-34], while casting magnesium alloys has been
neglected in terms of processing and optimization [35]. A substantial fraction of intermetallic phases
formed during the solidification process of the alloys, which can play a role in the material's behavior. In
fact, the intermetallics' morphology and distribution can strongly influence the material's mechanical and
corrosion properties, suggesting the possibility of optimizing its performance by controlling its

microstructure.

As the predominant intermetallic phase in AZ91D magnesium alloy, f-Mg,,Al,, precipitates may enhance

the material's strength, but at the expense of its ductility. The precipitation of this phase from the
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supersaturated matrix may assume two different and competitive modes: discontinuous and continuous
precipitation. Discontinuous precipitates exhibit an elliptical or lamellar shape composed of 5-Mg,,Al,, and
aluminum-enriched a4Mg and form mainly at the grain boundaries, growing inward [36]. Continuous
precipitates, on the other hand, are characterized by a lozenge-shaped plate phase known as the
Widmanstatten phase, which nucleates and grows inside the a-Mg grains with a primary habit plane
parallel to the [0001] basal plane of the matrix [36,37]. The contribution of each precipitate type to the
material's mechanical properties is not yet fully understood, and the literature offers conflicting views.
Some authors [38,39] claimed that continuous precipitates could endow the material with a superior age-
hardening response, given that discontinuous precipitate morphology could lead to early fracture [39,40].
From a different perspective, discontinuous precipitates were suggested to play the leading role in aging

hardening due to the thin plates being parallel to the basal plane, easing the dislocation gliding [36,41].

Solution treatment followed by artificial aging has proven to be able to tailor the morphology of the £-
Mg,,Al,, precipitates by controlling both the temperature and duration of the heat treatment [42-44].
However, it has been noted that magnesium alloys aged at temperatures below 200 °C require long aging
periods to attain their peak-aged condition [45,46], turning the process energy-intensive and expensive.
On the other hand, ultrasound treatment has been intensively explored for microstructural modification,
and it has been demonstrated that it can promote peak-aging conditions in a shorter time span in
aluminum alloys [47]. Moreover, ultrasonic excitation may grant a refined microstructure with a smaller
grain size [14] as well as the formation of vacancies [48], both features deeply related to the formation

of discontinuous and continuous precipitates, respectively [40].

This work details the influence of ultrasound treatment on an AZ91D-1.5%Ca (wt.%) solidifying melt in its
microstructure and, thereby, in its age-hardening response. The heat-treated samples' hardness evolution
was investigated for non- and ultrasound-treated conditions, and the precipitates formed were
comprehensively characterized. Moreover, tensile mechanical properties of the material in the as-cast,

solution-treated and peak-aging states are determined at room temperature.

3.3.1. EXPERIMENTAL PROCEDURE FOR B-MG17AL12 PRECIPITATION

Samples from non- and US-treated cast billets were subjected to an 8-hour solution heat treatment at
415 °C, followed by quenching in water at room temperature to avoid additional phase transition. Solution-
treated samples from non- and ultrasound-treated alloys were kept to determine their properties. Artificial
aging was then carried out by maintaining the samples at 175 °C for 240 to 4920 minutes. Samples'

metallographic preparation for OM and SEM analyses and hardness testing was carried out according to
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the procedure presented in the previous section. Casted samples were machined to sheet tensile
specimens (type B, according to ISO 6892-1) with a 3.0 mm thickness and a 100 + 0.50 mm proof
length. Universal testing equipment (INSTRON 8874) was used to perform tensile testing with a 1 mm/s
displacement rate until the specimens' fracture occurred and a load drop was observed. Seven samples

were tested for non- and US-treated alloy in the as-cast, solutionized, and peak aging conditions.

3.3.2. RESULTS AND DISCUSSION

A. MICROSTRUCTURE OF SOLUTION-TREATED AND ARTIFICIALLY AGED SAMPLES

Figure 3.13 presents the microstructure of non- and ultrasound-treated samples after solution treatment
at 415 °C for 8 hours. As it can be observed, f-Mg,,Al,, was nearly fully dissolved in the ultrasound-treated
samples, whereas small particles could still be observed in the non-treated ones (Figure 3.13 (b)). Thus,
it is hypothesized that the dissolving process evolved differently depending on the processing conditions,
and the initial microstructure may have influenced the observed discrepancies. As noted in the preceding
sections, the non-treated sample exhibited -Mg,,Al,, coarse bulk particles, which may have contributed
to its insufficient solutionization due to a slower dissolving rate (Figure 3.13 (a)). In addition, it was found
that the remaining -Mg,Al,, particles on the ultrasound-treated sample contained calcium in their
composition, which has been proven to boost the thermal stability of this phase and inhibit its dissolution

[49].

L
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Figure 3.13 — Microstructure of (a) non- and (b) ultrasound-treated samples after solution treatment at 415 °C for 8 hours.

SEM micrographs of the non- and ultrasound-treated samples at the peak-age condition at 175 °C are

shown in Figure 3.14, along with the EDS analysis results of the identified precipitates.
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Figure 3.14 - SEM micrographs of the discontinuous 5-Mg,Al,, precipitates found in (a,b) non- and (c,d) US-treated samples,

after aging at 175 °C for 24 h and 16 h respectively; (e) EDS analysis of the particles identified as Z1 and Z2 in (b) and (d).
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During the aging treatment, two types of precipitates — continuous and discontinuous - may form and
develop competitively as they nucleate and grow at different rates [55,56]. Although their chemical
composition is the same, their morphology differs; thereby, their strengthening action is distinct. In this
case, both non- and ultrasound-treated samples exhibited only discontinuous precipitates, which may be
explained by the low aging temperature adopted [57]. Most precipitates were found along the grain
boundaries - intergranular precipitates — and presented an elliptical shape. The different processing
conditions are suggested to result in the modification of the precipitates, not primarily of their shape, but
of their size and number density. Indeed, the non-treated sample was characterized by a lower number
of precipitates whose size was larger than that of the ultrasound-treated samples. Furthermore, it can be

suggested that the precipitates grew and coalesced, forming massive bulk structures like the ones

presented in Figure 3.15
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Figure 3.15 — SEM micrograph of -Mg,Al,, bulk precipitates found at grain boundaries of non-treated material after aging at
175 °C for 24 h; (b) EDS analysis of the Z3 particle identified in (a).

Conversely, the ultrasound-treated sample showed a higher number of smaller S-Mg,Al,, precipitates
distributed along the grain boundaries, which may be a result of the finer microstructure, /e., the smaller
grain size of the material. The grain refinement of the alloy results in increased grain boundaries, providing
more nucleation sites for B-Mg,Al,, discontinuous precipitates and, thereby, promoting faster aging

kinetics [26,38].

B. HARDNESS CURVE OF NON- AND US-TREATED SAMPLES
Figure 3.16 shows the hardness progression under as-cast, solution-treated, and artificially aged

conditions for both non- and ultrasound-treated samples.
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Figure 3.16 — Average Vickers hardness of the non- and US-treated samples during artificial aging.

The ultrasound-treated alloy exhibited higher hardness than the non-treated one, which may be attributed
to its finer microstructure. It has been claimed that the refinement of the a-Mg and intermetallic phases
substantially affects the material's mechanical properties, namely its hardness. Moreover, increasing
grain boundaries led to an increase in the density of small precipitates, thus improving the mechanical

properties.

Conversely, in the non-treated samples, the coarser morphology of the precipitates led to an increased
interspacing between them, resulting in a reduced capacity to inhibit dislocation movement and, thus,
lower hardness values. [50]. Similar findings were reported by Lai ef a/. [45], who studied the effect of
aging conditions on the morphology of the 5-Mg,Al,, precipitates and concluded that smaller and more

numerous precipitates led to a higher peak hardness.

Due to the dissolution of the precipitates after solution treatment, which promotes material softening [51],
the material's hardness dropped dramatically, regardless of the processing conditions. The hardness of
the ultrasound-treated alloy remained higher than that of the non-treated one in the solutionized condition
due to the grain boundary strengthening effect granted by the grain refinement. At this stage, no
contribution of precipitation strengthening is considered in the ultrasound-treated sample since most of
the precipitates were dissolved after solution treatment. On the other hand, a more gradual decline in the
hardness in the non-treated material may be attributable to the presence of undissolved B-Mg,Al,
intermetallic, whose size may have been decreased throughout the procedure, favoring its ability to

prevent dislocation movement.
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The behavior of the hardness curves of the non- and ultrasound-treated alloys indicates that the
processing conditions of the material may profoundly influence their aging response. Indeed, although
the typical hardness increase was seen in both non- and ultrasound-treated samples, the former
presented a longer incubation period, with the hardness value remaining almost constant until aging for
240 minutes. In contrast, the short incubation period of the ultrasound-treated alloy suggests accelerated
aging kinetics of B-Mg,Al,, precipitates compared to the non-treated sample. Comparable results were
reported by Wang ef a/. [26]. The authors investigated the influence of the manufacturing process - high-
pressure die casting or rheo-diecasting - on the material's aging response and found that the latter showed

faster dissolution during the solution heat treatment and accelerated aging kinetics.

After the incubation stage, the hardness of both non- and ultrasound-treated samples increased, although
at a higher rate for the latter. The ultrasound-treated alloy reached its peak-aged condition at 960 minutes,
following which its hardness value decreased sharply, whereas the non-treated alloy showed increasing
hardness throughout the entire time range considered. The larger grain size is suggested to significantly
reduce the nucleation rate, delaying the aging response of the material and resulting in the non-treated
sample not achieving the peak-aging condition within the time interval considered [52]. Even so, and for
comparison's sake, aging treatment for 1440 minutes was hereafter referred to as the peak-aging
condition of the non-treated sample, corresponding to the highest hardness value observed within the
heat treatment period considered. Indeed, after 4920 minutes of aging, the non-treated samples exhibited
a value comparable to that of the as-cast condition (74 HV vs. 73 HV) and still showed a tendency toward
increasing hardness, which may indicate that peak aging has not yet been reached and could be higher.
However, the ultrasound-treated sample showed the highest hardness in the as-cast condition (82 HV),
with peak-aged hardness 5.7 % lower (77 HV). According to Zhang et a/. [53] and Dumpala et al. [27],

the coarsening of grains during the solution treatment may be responsible for this behavior.

Nonetheless, the treatment of magnesium alloy by ultrasound has demonstrated the potential to refine
the microstructure, which has proven to be effective in shortening the time needed for achieving the peak
age condition. Also, the difference between the aged non- and ultrasound-treated samples after 240
minutes of aging is superior to that observed in the solution-treated condition, which further supports the
hypothesis that ultrasonic processing plays a role in the precipitation behavior of the material and
precipitation hardening took place by then. In this sense, the increased hardness value obtained for the
ultrasound-treated sample may have resulted from the combined impact of accelerated precipitation and

grain boundary strengthening, which is consistent with the findings of Kim ef a/ [54]. Even so, no
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significant increase in hardness was seen after the aging treatment compared to the as-cast condition for
either processing method. However, a 3-4 HV increase was observed compared to the solutionized
condition. These results are in the same magnitude order as those reported by Suzuki ef a/. [55] and
Barbenger et al. [56] for Mg-Al-Ca and Mg-Ca-Zn alloys, respectively, demonstrating the poor age-

hardening response of these alloys.

Moreover, due to the formation of the Al,Ca phase during the alloy solidification, there is a low fraction of
B-Mg,Al,, phase in the as-cast state as well as reduced aluminum content on the a-Mg phase, limiting
the solute availability after solution heat treatment. In this sense, given the direct relationship between
the transformation rate during the aging treatment and the solute atoms amount available in the
supersaturated matrix, lower peak hardness values are obtained by calcium-containing magnesium alloys

compared with those without this element [57].

C. TENSILE PROPERTIES
The application of ultrasound treatment has been proven effective in enhancing the mechanical properties
of magnesium alloys, namely AZ91D [14]. However, it is still unknown whether as-cast microstructure

affects the tensile behavior of heat-treated materials.

The results of the tensile tests performed on the non- and ultrasound-treated AZ91D-1.5%Ca in the as-

cast, solutionized, and peak-aged conditions are presented in Table 3.3.

Table 3.3 - Tensile properties of non- and US-treated material in the as-cast, solutionized and aged conditions.

Yield Strength Tensile Strength Elongation at

Test Condition [MPa] [MPa] break
[%]
As-cast 89+5 110+ 7 1.75+0.34
T4 137 +7 146 + 8 2.04 + 0.93
Non-
treated T6 — Peak-age
condition (1440 100+ 4 115+ 4 1.73+0.71
minutes)
As-cast 125+ 8 164 + 6 3.02 £ 0.25
T4 158 + 6 204 + 8 4.31+1.34
us-
T6 — Peak-age
treated N
condition (960 142 + 6 169+8 2.69 +0.89
minutes)

The results demonstrated that the ultrasound-treated material significantly increased mechanical
performance under all the tested conditions. In the as-cast state, the tensile strength of the ultrasound-
treated material was about 50% higher than that presented by the non-treated one, stressing the grain

refinement's role in the material's mechanical resistance. Nonetheless, the increased elongation at
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fracture constitutes the most impressive result, with an enhancement of about 72.5% when ultrasound
treatment is applied. In this sense, the microstructure characteristics may be considered a critical factor
for the static mechanical properties of the alloy. The conjunction of smaller grain size and refined and
more uniform distributed intermetallic phases grant remarkably improved mechanical properties, while
the continuous network of brittle 5-Mg,Al., phase found in the non-treated sample is associated with poor
mechanical properties [58]. According to Du ef a/ [59], such modifications decrease the stress

concentration points, improving ductility by preventing early fracture.

Compared with the as-cast condition, the solutionized samples exhibited higher elongation and tensile
strength regardless of ultrasound treatment application. However, the non-treated sample showed a more
significant improvement in the tensile strength than that observed for the elongation, which was the
opposite scenario of the ultrasound-treated samples. The increase in the tensile strength observed in the
non-treated sample may be promoted by the dissolution of part of the coarse precipitates, which constitute
preferential sites for fracture initiation and act as a continuous easy crack path. On the other hand, the
dissolution of these precipitates occurred to a greater extent in the ultrasound-treated sample, leading to
the matrix being dopped with aluminum atoms and easing the basal-lane deformation twinning in the

magnesium alloys and, thereby enhancing the elongation [60,61].

Concerning the results of the aging treatment, non- and ultrasound-treated materials showed a decrease
in both tensile strength and elongation. Such a loss of the materials' mechanical properties may be
promoted by forming precipitates which, conversely to what is observed for aluminum alloys, may harm
the mechanical resistance. In fact, under the considered aging conditions, discontinuous precipitates
formed at the grain boundaries, showing small interface bonding strength and weakening the bonding
force between grains [62]. In this sense, the microcracks are suggested to form preferentially in the f-
Mg,,Al../ a-Mg, interfaces, promoting early intergranular fracture due to their growth and propagation along
the grain boundaries [63]. In agreement with these findings, the higher tensile strength and elongation
values observed in the ultrasound-treated material after solution treatment compared to the peak age
properties appears to confirm that the precipitation of the f-Mg,,Al,, has an overall deleterious effect on
the mechanical behavior of the material. Moreover, the elongation decline showed by the non-treated
material after aging may be explained by the presence of coarse intermetallic particles that did not fully
dissolve and are likely to crack at low strains. This detrimental effect did not significantly compromise the
ductility in the solution-treated condition due to the softer matrix, which worked to delay the cracking [64],

but played a critical role in decreasing the material's mechanical strength after aging treatment.
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According to the results obtained, it can be concluded that AZ91D-1.5%Ca has a limited aging potential
under the considered conditions. In fact, no significant improvement in the material's mechanical
properties could be achieved through the adopted heat treatment scheme. Such a poor aging response
may be explained mainly by two factors: (i) the addition of calcium promotes the formation of the Al,Ca
intermetallic phase during the material solidification and suppresses the formation of the -Mg,,Al,, phase.
Given its high thermal stability, the Al,Ca phase did not dissolve during the solution treatment, causing
the aluminum content available to precipitate during subsequent aging treatment to be extremely low; on
the other hand, (i) the discontinuous precipitates formed along the grain boundaries consumed the
available solute content, promoting the depletion of continuous precipitation, which could further improve

the mechanical performance of the material [46].

Optimizing the solution treatment to dissolve the Al,Ca phase and applying ultrasound treatment during
the casting process may constitute a route to enhance the aging response of the AZ91D-1.5% alloy. In
fact, applying ultrasonic vibration during the material solidification can promote an excess of vacancies,
which act as nucleation sites for continuous precipitates. Such conditions, together with a higher available
aluminum content granted by the dissolution of the Al,Ca intermetallic, can enhance the material's

response to the aging treatment by tailoring the morphology of resultant precipitates.

3.4. SUMMARY AND CONCLUSIONS

Applying ultrasound treatment during AZ91D-1.5%Ca alloy cooling has significantly changed its
microstructure, promoting the refinement of 5-Mg,,Al,, and Al,Ca intermetallic phases. In the as-cast state,
the ultrasound-treated sample exhibited higher hardness which is suggested to be yielded by the refined
microstructure. A faster dissolution rate was also observed, which is explained by a divorced and uniformly
distributed small 5-Mg,,Al,, eutectic phase with a lower calcium content. It has been demonstrated that
tailoring the as-cast microstructure through ultrasound treatment is a promising route for optimizing the
solution treatment, enabling a reduction in the temperature and time needed. The results obtained
showed a stabilization of the intermetallics' fraction for solution treatment performed at 415 °C for periods
longer than 720 minutes, which may indicate that the dissolution of §-Mg,Al,, was nearly complete by
then. When the heat treatment was performed at 385 °C, a decrease in the dissolution kinetics could be

observed, and a complete dissolution could be observed only after 1440 minutes.

Conversely, the complete dissolution of the -Mg,,Al,, phase of the non-treated sample was not possible
under any of the considered conditions. The intermetallic phase's coarse morphology may be a reason

for these findings, as it can be associated with lower dissolution kinetics.
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Concerning the aging treatment outcomes, accelerated precipitation kinetics is suggested to be promoted
by the ultrasound treatment, as precipitation hardening could be observed for shorter heat treatment
durations compared to non-treated samples. Indeed, the hardness curve of the non-treated material may
suggest that peak aging was not achieved under the tested conditions, which indicates that aging for
periods longer than 4920 minutes may be required. Ultrasound-treated, on the other hand, appeared to
reach the peak-aging condition after 960 minutes, although displaying a hardness value lower than that

of the as-cast condition.

The tensile testing results further confirmed the superior mechanical properties of the ultrasound-treated
samples in the as-cast, solution- and age-treated states. Compared with the non-treated material, the
ultimate tensile could be enhanced by at least 40.0% in all the considered conditions, while elongation
showed an even more expressive increase, especially in the as-cast and solution-treated states. The tensile
properties showed a decrease in the peak-age regardless of the previous processing condition, which
could be attributed to the formation of precipitates at the grain boundaries that promote the formation of

microcracks and intergranular early fracture.
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CHAPTER 4 — ULTRASOUND MELT TREATMENT AS THE ROUTE FOR
ENHANCING MECHANICAL AND CORROSION PROPERTIES OF

EXTRUDED AZ91D-1%Ca Wires

In recent years, a significant amount of research has been conducted in the field of metal-based
biomedical implants. This has been primarily driven by the development of novel biodegradable metals
that offer advantages over traditional techniques based on permanent materials such as stainless steel
and cobalt- and titanium-based alloys [1]. The new generation of biodegradable metal-based implants
offers the opportunities to combine improved mechanical properties with biodegradable materials, whose

controlled degradation allows their disintegration, alongside tissue healing, without hazardous responses

2.

Magnesium-based biomaterials are promising candidates for the production of biodegradable stents due
to their remarkable advantages, which include stimulating the proliferation of specific cell types [3] and
excellent biocompatibility [2,4,5]. Since magnesium is an essential element for the human body, any

excess of this element can be safely excreted through the urine [6].

Magnesium and its alloys have been explored for many applications, such as bone replacements, fracture
fixation devices, stents, and suture materials, and as a support for phosphate cement or biodegradable

polymeric materials [7]. However, under physiological conditions, the rate of degradation of materials
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based on magnesium is exceptionally high, resulting in the loss of the implant's mechanical qualities and

integrity before the completion of the healing process [2,8,9].

Micro-alloying, microstructural tailoring, and surface modification by coating are a few methods developed
to increase magnesium alloys' corrosion resistance [10]. The deposition of a coating layer on the surface
of the material protects the substrate from corrosive fluids. Promising findings have been published on
using bioactive coatings to lower the corrosion rate of magnesium alloys while simultaneously encouraging
healing [11-13]. Nonetheless, most coating techniques have important drawbacks, including poor
adhesion to the substrate and limited mechanical properties of the polymeric coatings [14], difficulty in
maintaining a uniform coating thickness [15], formation of cracks and pores [16], as well as a high cost
and the requirement of specialized knowledge [17]. On the other hand, the techniques of micro-alloying
and microstructural tuning aim to increase the matrix's anodic stability, hence reducing galvanic corrosion
and, consequently, the dissolution of the magnesium substrate [18]. Despite this, the solubility of most
alloying elements in magnesium is low, which leads to the formation of intermetallic phases. Depending
on their number, shape, and dispersion [10], these phases can either speed up the corrosion of
magnesium alloys or improve their resistance. Therefore, microstructural control is an interesting way to
adjust magnesium alloy's corrosion behavior without affecting its chemical composition. This may be
accomplished by modifying the microstructure of the magnesium alloy. Thus, it is feasible to

simultaneously increase the mechanical qualities and corrosion resistance [19-21].

Including the ultrasound treatment to produce the cast ingots to be used in the extrusion process may
constitute a novel, time- and cost-efficient approach for tailoring the material's microstructure and,
thereby, its corrosion behavior. Indeed, compared to the currently applied methods, ultrasound
processing represents a competitive pathway. This is because its energy and time requirements are
significantly lower than those demanded by techniques based on heat treatment, and it does not require

the chemical modification of the base alloy.

In this study, an AZ91D-1%Ca melt was processed through ultrasound treatment, and the cast ingot was
extruded. The corrosion behavior of the non- and ultrasound-treated alloys was evaluated under simulated
physiological conditions, and the results were analyzed in the light of the as-cast microstructure of the
extruded microstructure and the intermetallic morphology. Furthermore, the analysis of the deterioration
of the mechanical properties of the extruded wires due to corrosion was conducted since the wires are

intended for use in the production of stents and must thus withstand specific conditions.
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4.1. EXPERIMENTAL PROCEDURE

4.1.1. FABRICATION OF THE AZ91D-1% WIRES

400 g of AZ91D-1%Ca were melted in a SiAION crucible under an argon environment. To reduce humidity
and moisture and avoid melt contamination, both material and tools were pre-heated at 450 °C. The melt
was kept at 620 °C + 5 °C for 20 min to allow the formation of the protective oxide layer, following which
its temperature was raised to 680 °C + 5 °C and held for homogenization. The pre-heated acoustic
radiator was immersed 15 mm into the melt, and ultrasonic vibration (300 W, 20.1 + 0.25 kHz) was
applied isothermally for 120 seconds. After the ultrasound treatment, the melt was poured into a metallic
mold pre-heated to 250 °C + 5 °C to produce a 150 mm long and 50 mm diameter billet to suit the
extruder container. The same material was also processed as described but without the ultrasound
treatment to serve as a control. The apparatus used to perform the study described is presented in

Chapter 3.

Before extrusion, both cast billets were heated at the extrusion temperature (350 °C) for 30 minutes. For
the extrusion, a 2.5 MN automated press (Miller Engineering GmbH & Co. KG, Todtenweis/Sand,
Germany) was employed at a speed of 0.1 mm/s. A die with four nozzles with a 1 mm diameter was
placed equidistantly from the center position and enabled the simultaneous extrusion of four wires. The
wires were coiled using a spool coiler with 80 mm coupled to the extrusion press. An offset per rotation
of the spools of 1.1 mm was applied to adjust the winding pattern. The low initial tension at a maximum

of 350 N was set during coiling to avoid early fracture of the wires.

As-cast and as-extruded samples were ground through progressively finer grades of silicon carbide
abrasive papers, from P600 to P4000, and polished with a suspension of 1 um diamond suspension for
microstructural analysis. An oxide polishing solution was used as the last stage to minimize work-
hardening caused by ordinary grinding. The grain of the as-cast and as-extruded samples was revealed
by etching with 4% HNO; solution in ethanol and acetic-picral solution, respectively, and observed through

OM (LEICA DM2500 M).

4.1.2. CORROSION EXPERIMENTS IN SIMULATED PHYSIOLOGICAL CONDITIONS

Choosing the suitable physiological fluid is of utmost importance when studying the degradation behavior
of magnesium-based materials, as it may significantly change depending on the simulated body fluids
[22]. Among the different solutions used to simulate the physiological environment, Earle's Balanced Salt
Solution (EBSS) has been widely used for /7 vitro testing of biodegradable magnesium materials as it is

suggested that the degradation rate is comparable to /7 vivo conditions [23-25]. This way, dynamic
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immersion experiments were conducted using EBSS as the corrosive medium, whose composition is

shown in Table 4.1.

Table 4.1 — EBSS chemical composition.

Chemicals Concentration (g/L)
CaCl, 0.20
MgSO, 0.097
KCI 0.40
NaHCO, 2.20
NaCl 6.80
NaH,.PO, 0.14
Glucose 1.00

Figure 4.1 depicts the schematic design of the dynamic immersion testing wires device.

Figure 4.1 — Dynamic immersion test apparatus: (A) acrylic columns containing water at 37 °C, (B) water bath, (C) peristaltic

pump, and (D) EBSS reservoir.

The wires were encased into antifatigue silicone tubes used as conduits and inserted into an acrylic
column (A) filled with water at 37 °C provided by a circulating water bath (B). A peristaltic pump
maintained a steady medium flow of 25 ml/min through the silicone tubes (C). Two reservoirs (D) were

used to segregate the solution circulating within the channels containing non- and Ultrasound-treated
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samples to study the manufacturing process's influence on the material's corrosion behavior. Three
replicates of each manufacturing condition were tested for 4 and 6 hours and 2, 3, and 7 days, while

the volume of EBSS was kept constant at 5 L.

4.1.3. CHARACTERIZATION OF THE NON- AND US-TREATED SAMPLES

Before and after corrosion products removal, SEM with EDS (SEM-EDS JSM-6010LV with INCAx-act,
PentaFET Precision, Oxford Instruments) was used to examine the surface morphology and composition
of the corroded wires. In addition, surface chemical analysis was done using XPS (Shimadzu Kratos Supra
Axis) with a monochromatic Al Ka X-ray (1486.6 V) operating with an X-ray source of 225 W. Samples
were analyzed under vacuum with a pass energy of 160.0 eV in the survey scans and 20.0 eV for high-
resolution scans. All spectrum peaks were measured relative to the peak binding energy of the C 1s peaks

of carbon atoms of the hydrocarbon segments, which was 285.0 eV.

The corrosion products were removed by soaking the wires for 15 minutes in chromic acid (200 g/L) at
room temperature. This work confirmed that chromate acid could eliminate corrosion products without
destroying the metallic substrate, confirming previously published findings [28,29]. The samples were
then sequentially cleaned with deionized water and ethanol. The weight loss Am (mg) was determined
using the difference between the original and final mass of the wires after cleaning using the following

equation to obtain the corrosion rate CR (mm/year):

Ch=21x 2" (4.1)
Axt

where A4 is the surface area of the samples (cm?) and t is the immersion time (days).

The non-deteriorated and degraded wires were subjected to tensile tests using universal testing equipment
(H100KS "Hounsfield Universal Testing Instrument) fitted with a 500 N load cell at a constant cross-head
speed of 1 mm/s. The ultimate tensile strength and elongation were calculated by averaging the results

of ten separate tests.

4.2. RESULTS AND DISCUSSION

4.2.1. CHARACTERIZATION OF THE MATERIAL'S MICROSTRUCTURE PRIOR TO THE IMMERSION TEST
The microstructures obtained through OM and SEM of the non- and ultrasound-treated alloys in the as-

cast and as-extruded conditions are shown in Figure 4.2.
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Figure 4.2 — Microstructure of the (a,b) non- and (c,d) ultrasound-treated samples in the as-cast and as-extruded condition

obtained through OM and SEM techniques.

The microstructures of both non- and ultrasound-treated samples are composed of a-Mg, eutectic S-
Mg,,Al,,, and a minor fraction of Al-Mn-rich phases. As Nam et a/. [26] reported, calcium added to the
alloy was dissolved in the 5-Mg,Al,, owing to its low solubility in the matrix and insufficient content to
establish a new phase [26]. The application of ultrasound treatment enhanced the microstructure,
forming a-Mg grains that were smaller and more spherical, with finer intermetallic dispersed more
uniformly along their boundaries. The eutectic f-Mg;,Al,, massive lumps were replaced by short and thin
networks, a phenomenon previously observed by Emadi et a/ [27]. According to several studies,
ultrasound treatment could refine the grain and secondary phases through a combination of mechanisms,
namely (i) cavitation-enhanced nucleation [28,29], (i) improvement of the wettability of particles
[27,30,31], and thus increase the active nucleus, and (iii) ultrasonic streaming that homogenizes the
solute distribution [32], promoting the uniform precipitation of the fine intermetallics that would otherwise

segregate and form coarse particles [33].

As a result of the material suffering significant plastic deformation at high temperatures during extrusion,
the microstructures of non- and ultrasound-treated samples became more similar in the as-extruded state.

A typical banded structure was observed with greatly refined a-Mg grains and broken into smaller particles
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of 5-Mg,,Al., phase stretched into strips and forced to scatter along the extrusion direction forming the
characteristic clustering of precipitates [34]. Despite the microstructural differences being more
pronounced in the as-cast state, the ultrasound-treated sample exhibited significantly smaller
intermetallics than the non-treated material following extrusion. In fact, both $-Mg,Al,, and Al-Mn rich
phases appeared to be finer, rounder, and more uniformly distributed in the ultrasound-treated material

than in the non-treated one.

4.2.2. CORROSION TESTS
Under neutral and alkaline circumstances, the following equation describes the corrosion processes

contributing to magnesium and its alloys' degradation.

Mg +2H,0 — Mg(OH), + H, (4.2)

This reaction, however, is a generalization of the corrosion process and does not account for the unique
characteristics of each material or stage of corrosion. An example is the deterioration of corrosion
resistance of the naturally formed oxide or passive film after a specific exposure time. Once the critical
exposure time has been exceeded and galvanic corrosion begins, an alloy's corrosion resistance may
change. Thus, the corrosion characteristics of magnesium alloys depend on the kind and integrity of the
oxide layer generated on their surfaces and the matrix composition of cathodic components [35]. Also,
hydrogen is not always produced as a result of magnesium corrosion; hence weight loss tests are
preferred to the hydrogen evolution experiments for accurately determining the corrosion rate of the
material [36]. Figure 4.3 illustrates the corrosion rate of non- and ultrasound-treated wires in EBSS based

on the weight loss of the wires.
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Figure 4.3 - Corrosion rate of the non- and US-treated samples.
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For short immersion intervals (up to 6 hours), the corrosion rate of the ultrasound-treated samples was
significantly greater than that of the non-treated ones. However, this trend reversed over longer immersion
durations (up to 7 days), and the corrosion rate of the ultrasound-treated samples steadily reduced,
showing enhanced corrosion resistance. In fact, after immersion for 7 days, the corrosion rate of the non-
treated material was nearly double of the ultrasound-treated one (1.15 vs. 0.6 mm/year). Nonetheless,
the ultrasound treatment's corrosion resistance was inefficient in meeting the requirement for coronary
stent manufacturing since a maximum corrosion rate of 0.5 mm/year is mandatory [37]. As the
homogeneity and morphology of secondary phases have been identified as determining factors in the
nature and evolution of the corrosion phenomenon, the microstructure characteristics of the non- and
ultrasound-treated samples may explain the differences observed in the material's corrosion behavior
[38,39]. Particularly, the size and distribution of the intermetallic phases, such as the 5-Mg,Al,, phase,
may determine whether its presence improves or deteriorates the corrosion resistance of the alloy,
shedding light on the ultrasound treatment potential to modify its corrosion behavior due to its ability to
alter the microstructure of the materials [4]. Applying the ultrasound treatment to the AZ91D-1%Ca melt
before extrusion promoted the refinement of the as-extruded samples, resulting in a more homogeneous
composition and a refined microstructure characterized by smaller and spherical intermetallics particles
evenly distributed throughout the matrix. In this sense, substantial variations in the reaction of the
materials following exposure to a corrosive media were detected, demonstrating a connection between

the microstructural characteristics and the corrosion behavior.

Figure 4.4 depicts the wires' surface morphology (SEM) after 6 hours of immersion in EBSS.

Figure 4.4 - Surface morphology of the (a) non- and (b) ultrasound-treated wires after immersion for 6 hours in EBSS.

Localized clusters of white particles could be visible in the non-treated sample. In contrast, identical white

particles were more evenly distributed on the surface of the ultrasound-treated material, where deeper
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fissures than those detected in the non-treated sample suggested the existence of a thicker corrosion
layer. These findings are consistent with the increased corrosion rate reported at this immersion stage
since a quicker deterioration rate should result in more corrosion products deposited on the exposed

surface.

By extending the immersion period beyond 6 hours, a change in the corrosion behavior was observed,
with the ultrasound-treated sample exhibiting the lowest corrosion rates, which translated into a difference
in the corrosion products and marks. Figure 4.5 and Figure 4.6 show the corrosion morphology of the
non- and ultrasound-treated wires after immersion for 72 hours and 7 days prior to and after corrosion
products removal. In Figure 4.5 (a), white particles agglomerates are stacked on cracked blocks of
corrosion products, which can be observed on the surface of the non-treated wire. Additionally, mud
cracking of the corrosion layer was observed, indicating the produced film's low integrity, which might

limit its ability to prevent additional corrosion.

€Eorrosiop-pits . ——»*

X500 50pm,.- R —

Figure 4.5 - Surface morphology of the non-treated samples (a,b) before and (c,d) after removing corrosion products - 72

hours immersion.

The formation of fissures on the film's surface compromises its integrity and adhesion and exposes the
magnesium substrate, permitting contact with the corrosive solution and accelerating its attack. After

removing the corrosion products, significant localized corrosion was found (Figure 4.5 (c)) along the
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extrusion direction, and micro-galvanic corrosion characteristic morphology with a few corrosion pits was
revealed (Figure 4.5 (d)) [40]. Corrosion marks were dispersed in bands along the extrusion streamlines,
corresponding to the intermetallics distribution seen in Figure 4.2 (b). In the US-treated sample (Figure
4.6), small agglomerates of white compounds with a cobweb-like structure similar to those described by
Song et al. [41] were observed, with a reduced number of powder-like corrosion products (Figure 4.6 (a))
also being observed on the surface. Only a small area exhibited mud cracking, and the corrosion layer
seemed more compact and consistent. The wire's surface showed a mix of galvanic and smooth pitting
corrosion morphologies in the absence of corrosion products (Figure 4.6 (c) and (d)). In contrast to the
non-treated samples, the corrosion marks were equally distributed over the surface, and there was no

evidence of significant localized corrosion.
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Figure 4.6 — Surface morphology of the ultrasound-treated samples (a,b) before and (c,d) after removing corrosion products

— 72 hours immersion.

The results of the EDS analysis (Figure 4.5 (b) and Figure 4.6 (b)) of the corrosion products formed on
the wire's surface identified the presence of magnesium, oxygen, calcium, and phosphorus, which have
been assigned to the precipitation of MgCa,(PO.). - white compounds - and Mg(OH), — mud layer.
Additionally, the presence of carbon and sodium also suggested the precipitation of other magnesium

phosphates in the form of Na,Mg(PQ.), and Mg(PO,)OH), and magnesium carbonate (MgCO.) [37,42].
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As illustrated in Figure 4.7 and Figure 4.8 display the surface morphology of the non- and ultrasound-
treated samples after immersion for 7 days. As it can be observed, the variations in the corrosion
morphology of the non- and ultrasound-treated wires became more pronounced. The corrosion products
of the non-treated sample had a more regular shape (Figure 4.7 (a)), with a few clusters stacked on the
substrate and a P- and Ca-rich white material formed over them (Figure 4.7 (b)). No apparent fractures
in the corrosion layer indicated an increase in its integrity and a correspondingly decreased corrosion rate
(Figure 4.3). However, the rupture of the corrosion layer in the central region of the cobweb-shaped
agglomerates could be found, being flaked away and exposing the material substrate. As shown in Figure
4.7 (c), the wire's surface severely deteriorated after the corrosion products were removed, and extensive,
severe localized corrosion was noticeable. Also, as previously seen after 72 hours of immersion, micro-
galvanic corrosion was evident (Figure 4.7 (d)), as were irregular holes caused by severe localized
corrosion. The ultrasound-treated wire (Figure 4.8) exhibited large regions covered with snowflake-shaped
corrosion products with higher thickness than those observed in the non-treated one protruding from the

wire's surface (Figure 4.8 (a) and (b)).
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Figure 4.7 - Surface morphology of the non-treated samples (a,b) before and (c,d) after removal of corrosion products — 7

days immersion.
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Similarly, a P- and Ca-rich substance seemed to cover a significant proportion of the agglomerates of
corrosion products. However, the surface morphology of the ultrasound-treated wires exposed for 72

hours and 7 days was characterized by a uniform layer deposited over the surface with few visible cracks.

In contrast, the surface morphology of non-treated samples was characterized by a cracked film
containing several localized aggregates of corrosion products. The ultrasound-treated wire surface
displayed significant localized corrosion after the removal of the corrosion products, comparable to that
found in the non-treated sample (Figure 4.8 (c) and (d)), although in a smaller region. Circular and deeper

corrosion pits were observed with a spherical and rounded form.

‘%,l)")‘ I ol
“Mud cracking ;

'Y

S ke

Severe localized corrosion

Figure 4.8 — Surface morphology of the Ultrasound-treated samples (a,b) before and (c,d) after removal of corrosion

products — 7 days immersion.

The observed variations in the corrosion mark patterns between the non- and ultrasound-treated samples
may be attributable to the shape and dispersion of intermetallic phases in the extruded condition. Indeed,
Al-Mn and -Mg,Al,, phases have noble potentials relative to the a-Mg matrix and may thus act as
cathodes and induce micro-galvanic corrosion, diminishing the alloy's overall performance. Although
some authors have hypothesized that a continuous network of secondary phases may act as a barrier to
the advancement of corrosion, the intermetallics were disrupted and transformed during the extrusion

process, making it impossible to form a web around the aMg grains. In both non- and ultrasound-treated

107



Chapter 4 — Ultrasound melt treatment as the route for enhancing mechanical
and corrosion properties of extruded az91d-1%ca wires

samples, the intermetallic particles behaved as the cathodic phase, encouraging the breakdown of the
magnesium matrix. Thus, the deep and large concavities similar to crevice corrosion noticed in the non-
treated samples were consistent with the coarser and non-uniform distribution of the intermetallic phases

throughout the matrix.

In contrast, the microstructure of the ultrasound-treated samples, which was characterized by a finer and
more uniformly disseminated secondary phase, resulted in smaller and more evenly distributed corrosion

signs.

To detect and identify the corrosion products deposited on the surface of the wires, XPS analysis was
conducted on non- and ultrasound-treated samples. XPS-wide survey scans confirmed the presence of
magnesium, aluminum, carbon, oxygen, calcium, and phosphorus in both samples; therefore, high-
resolution narrow survey scans were performed for these elements. Magnesium and aluminum peaks
came from the substrate of the wires, whereas calcium and phosphorus formed from the corrosion
products deposited on their surface. The deconvolution of the XPS spectra for the Mg 2s, C 1s, O 1s, Ca
2p, and P 2p peaks are shown in Figure 4.9. The Mg 2s spectra (Figure 4.9 (a) and (b)) may be fitted to
three components: one peak at 87.0 eV, which corresponds to the presence of Mg0O, and two peaks at
89.0 eV and 89.5 eV, which correspond to the Mg(OH), and MgCO, compounds, respectively [43]. The
peaks at 285.0 eV and 289 eV in C 1s spectra (Figure 4.9 (c) and (d)) and (d indicate the existence of C-
C/C-H groups, Mg-CO,, and Ca-CO, compounds, while the peaks in the O 1s spectra (Figure 4.9 (e) and
(f)) correspond to the binding energy from the PO,*, OH and CO.> groups as well as to oxygen present in
the MgO compound [44,45]. Each recognized peak in the Ca 2p spectra (Figure 4.9 (g) and (h exhibits
the doublet band typical of calcium-oxygen compounds [44]. Due to spin-orbit splitting, the spectrum
breaks into two peaks of Ca 2p3/2 and Ca 2p1/2, further demonstrating the presence of Cay,(PO.,)s(OH),
[46]. The peak at 347.8 eV is related to the Ca-O binding energy and hence indicates the existence of the
Ca0O compound, while the peak at around 347.0 eV may suggest that Ca-CO, is a component of the
corrosion products [44]. In addition, in the P 2p spectra (Figure 4.9 (i) and (j)), two peaks positioned
between 133.0 eV to 135.0 eV can be seen, suggesting the presence of phosphates such as Mg-PO., and
Ca-PO, compounds, which is consistent with the high-resolution spectra of Mg 2p and Ca 2p [47,48].

According to the findings of the XPS investigation, the corrosion products formed as a consequence of
the magnesium substrate's corrosion were the same for both non- and ultrasound-treated samples.
However, ultrasound-treated samples exhibited significantly higher quantities of all the identified

compounds.
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Figure 4.9 - High-resolution XPS spectra for non- (a,c,e,g,i) and ultrasound-treated (b,d,f,h,j) AZ91-1% Ca after immersion

in EBSS.
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In this sense, the results obtained suggest that the degradation behavior of the ultrasound-treated material
has two distinct stages: (i) during the first immersion hours, the ultrasound-treated wire was corroded to
a greater extent due to the distribution of the small intermetallics that acted as cathodes, promoting a
higher corrosion rate and, hence, the formation of larger quantities of corrosion products, and (ii) a
corrosion layer was uniformly deposited on the wires' surface, protecting the substrate and resulting in
the degradation being slowed and the corrosion rates decreasing significantly. Furthermore, this
morphology facilitated the formation of corrosion pits whose growth led to the detachment of intermetallic
particles, impeding the advancement of corrosion to the alloy's core and generating a smoother and more
uniform layer. Although the corrosion process was comparable in the non-treated samples, the
intermetallics were coarser and formed agglomerates, resulting in severe micro-galvanic corrosion in
isolated locations. In addition, as previously reported by Yin et a/. [38], the localized corrosion quickly
spread throughout the material along the coarse intermetallic phase. Choi ef a/. [49] have previously
documented the overlap between the morphology of the intermetallics and the corrosion marks in AZ91

following exposure to a corrosive solution, thus supporting the hypothesis herein presented.

In addition, the composition of the corrosion products significantly impacts corrosion resistance and
degrading behavior. In fact, if the compounds formed are poorly soluble, the degradation of the substance
will be slowed since a portion of the substrate will be coated. The surface conditions influence the
corrosion products that can precipitate and, hence, the corrosion protection granted by them. Figure 4.10
shows a model for the corrosion reactions that may occur between the magnesium substrate and the

EBSS, as well as for the corrosion products formation.
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Figure 4.10 - Proposed mechanism for the AZ91 reactions and corrosion products formation in EBSS.

The magnesium substrate is corroded when exposed to aqueous media such as physiological fluids.
According to Song et al. [46], Mg(OH), forms during the first stages of immersion, mainly in the grain

boundaries, as the result of the reduction of the water and the oxidation of the magnesium, as follows:
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Mg — Mg +2e (4.3)
2H,0+2e" — H,+20H" (4.4)
Mg* +20H™ — Mg(OH), (4.5)

The dissolution and strength of the Mg(OH), layer depend deeply on the other chemical species present
in the corrosive medium and the immersion time [50]. When exposed to EBSS and as the immersion

proceeds, the Mg(OH),is partially dissolved through the reaction with CI- anions present in the electrolyte:

Mg(OH), +2C1 — MgCl, +20H~ (4.6)

Such a reaction increases the local pH, favoring the decomposition of the HPO,> species into PO,z and

H.0 as described by equation 4.7:

HPO? +0H™ — PO +H,0 (4.7)

The phosphates released bond preferentially with Caz» and Mg cations, forming white precipitates
identified as MgCa,(PO,). on the surface of the wires, which are found adhered to Mg(OH), layer. These

corrosion products are not water soluble, providing additional protection to the magnesium substrate.

Additionally, according to Eq. 4.10, the MgCO; compound can be formed through a reaction between the
atmospheric CO, or NaHCO; present in the electrolyte and the Mg cations released from the substrate

[51,52]:

H,0+CO, — HCO; +H* (4.8)
NaHCO, — Na* + HCO; (4.9)
Mg* + HCO; — MgCO, + H'* (4.10)

The faster corrosion rate exhibited by the ultrasound-treated samples during the first stages of the
immersion tests led to forming a thicker Mg(OH), film with plenty of phosphorus- and calcium-rich white
particles. Hence, higher corrosion resistance was achieved, resulting in a sharp decrease in the corrosion

rate after 6 hours.

4.2.3. MECHANICAL CHARACTERIZATION

Figure 4.11 shows the evolution of the ultimate tensile strength (Figure 4.11 (a)) and elongation (Figure
4.11 (b)) of the non- and ultrasound-treated wires with the duration of the degradation tests, i.e.,
immersion time. Before the immersion test, the non-treated material had the maximum tensile strength

(354 MPa vs. 347 MPa); however, the ultrasound-treated significantly exceeded it in terms of elongation
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at break (16.7% vs. 20.7%). After the immersion in EBSS, independent of the material processing
procedure, both mechanical characteristics deteriorated gradually, which is related to the loss of integrity
due to continual mass loss at the interface [53]. After 7 days (168 h) of immersion, the non-treated
material decreased tensile strength by around 27.7% and elongation at break by approximately 85.9%.
Similarly, ultrasound-treated wires' tensile strength and elongation decreased by 14.3% and 83.2%,
respectively. The ultrasound-treated sample exhibited superior mechanical characteristics, with a 15.0%
higher final tensile strength than the non-treated sample. Nevertheless, the elongation values were similar
after 7 days (168 h) of immersion. In all processing circumstances, the tensile characteristics of the wires
declined quickly during the first phases of the degradation tests up to 48 hours but remained almost
constant after that. This behavior corresponded with the gradually decreasing corrosion rate, indicating a

stabilizing of the materials' deterioration.
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Figure 4.11 — Mechanical properties of the non- and Ultrasound-treated wires: (a) ultimate tensile strength, (b) elongation at

break.

The differences observed in the degradation process of the non- and ultrasound-treated materials were
reflected in their mechanical response. Due to the finer microstructure, the ultrasound-treated sample
had greater elongation in the as-extruded state, although the tensile strength was equivalent to that of the
non-treated material. The exposure to EBSS considerably lowered the mechanical properties of both non-
and ultrasound-treated samples. Despite so, following exposure to the corrosive media, the disparity in
elongation between the non- and ultrasound-treated wires was significantly decreased, becoming
approximately equal. In contrast, the tensile strength of the ultrasound-treated samples considerably
exceeded that of the non-treated samples after immersion for 72 hours, and this tendency could also be
noticed after 7 days (168 h). This change may have been caused by the transmission of the corrosion
attack via the coarse intermetallics into the non-treated samples' interior, weakening the material and

accelerating its fracture. Furthermore, the loss of material from the surface may encourage its roughening
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owing to the creation of depressions and, therefore, produce severe local stress, a phenomenon observed
by Linderov et al. [54], and that can contribute to the early fracture of wires and, thereby, to reduced

tensile strength.

Magnesium alloys are prone to brittle failure, commonly in the form of cleavage or quasi-cleavage fracture,
promoted by the limited slip system. However, Li ef a/ [55] have previously described a shift to ductile

fracture during hot extrusion due to grain refinement induced by strong plastic deformation.

Using the SEM fractography of the tensile samples, the fracture behavior of the non- and ultrasound-
treated specimens before and after 72 h and 7 days (168 h) of immersion in EBSS was investigated
(Figure 4.12). Before the immersion tests, both non- and ultrasound-treated fracture surfaces exhibited a
combination of a few rough cleavage faces and plastic deformation zones with several dimples (Figure
4.12 (a) and (b)). Secondary phases and oxides could be observed, which might serve as fracture starting
sites. Zhou et al. [56] previously observed a similar fracture surface pattern comparable with a
conventional brittle-ductile failure mechanism. While both samples exhibited comparable fractographic
characteristics, the ultrasound-treated wire had more dimples and fewer cleavage planes, which is
consistent with its higher elongation at break in the non-degraded state. Following the findings reported
by Sozanska et al. [34], non- and ultrasound-treated samples immersed in EBSS for 72 hours and 7 days
gradually exhibited more cleavage facets and cracks, indicating that intergranular fracture occurred

(Figure 4.12 (c)-(f)).
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Figure 4.12 - Fractography of the (a,b,c) non-treated and (d,e,f) Ultrasound-treated samples, (a,b) before immersion and

after immersion for (c,d) 72 hours and (e,f) 7 days.

4.3. SUMMARY AND CONCLUSIONS

The influence of ultrasound melt treatment on extruded wires' microstructure and corrosion properties

was investigated through dynamic immersion tests in EBSS.

The results demonstrated that the material's as-cast microstructure plays an important role in the
extruded microstructure, as the ultrasound-treated sample exhibited a refined intermetallic phase

compared to the non-treated one after the extrusion process. As a consequence, the corrosion behavior
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of both materials displayed significant differences, which was confirmed by the corrosion rate results and
the surface morphology of the degraded material, observed through SEM. Up to 6 h of immersion time,
the corrosion rate for ultrasound-treated samples was higher than for non-treated ones, with a shift in this
tendency for longer immersion periods. Microstructural features, primarily the intermetallics morphology,
are suggested to drive the corrosion response of both materials. The existence of small and evenly
distributed intermetallic particles in the ultrasound-treated samples is pointed to as the promoter of
accelerated degradation of the material in the initial phase of the immersion tests. A corrosion layer
covered the wire's surface, delaying further corrosion attacks and translating into a decreased corrosion
rate. The uniform microstructure of the samples is also associated with a more uniform degradation, as
confirmed by the analysis of the wire's surface after the removal of the corrosion products, which revealed

non-signs of severe localized corrosion.

On the contrary, the non-treated samples displayed marks of severe localized corrosion, a result
compatible with the intermetallics' coarse morphology, thereby confirming the preferential corrosion

attack in such regions.

The composition of the corrosion layer was found to be comparable for both processing conditions.
According to the EDS and XPS analyses, the corrosion products included mainly MgO, Mg-CO,, Ca-CO;,
Mg‘PO4, Ca'PO4 and Cam(POA)s(OH)Q

As it was hypothesized, the deterioration of the mechanical properties due to exposure to a corrosive
environment occurred regardless of the processing conditions. Higher mechanical properties
characterized the ultrasound-treated material compared to the non-treated one, which remained after the
immersion tests. Additionally, fractography revealed that intergranular fracture occurred after immersion
in EBSS for 72 h and 7 days (168 h), which suggested that intermetallic particles served as fracture

starting sites.
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CHAPTER 5 — FINITE ELEMENT ANALYSIS OF STENT FUNCTIONAL
PERFORMANCE

The expansion of the stent is a crucial step in the deployment procedure. Inflation of a balloon inserted
within the stent facilitates its expansion, removing the atherosclerotic plaque, reopening the lumen, and

restoring normal blood flow.

FEA is a valuable tool that permits the simulation of the stenting procedure and provides essential data
for evaluating its results. Thus, the function of the stent's design and material may be comprehensively
explored, allowing the procedure to be optimized without needing costly and time-consuming prototype

technologies and specialized bench test equipment.

Despite the unique advantages numerical simulation provides to the stent design process, the results
offered by such a method are susceptible to problem modeling, i.e., the employed geometry, the
constitutive material modeling, and the stated boundary conditions. In this regard, the correct formulation

of the problem is imperative to assure suitable and trustworthy results.

Using two distinct geometries and material constitutive formulations, this chapter investigates the adopted
balloon modeling strategy's role in the stent deployment procedure. The preferred approach is then
implemented to study the impact of the stent material's properties on the expansion process by using the

stress-strain curves of the non- and ultrasound-treated cast materials. A shape optimization aiming at
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cross-section variation is also performed to take advantage of the geometric features granted by the
microcasting manufacturing technique. Finally, the effect of the mechanical properties loss promoted by
the exposure to a physiological-inspired medium on the stent functional performance is assessed,
resorting to the tensile tests' results of degraded magnesium alloy wires produced from non- and
ultrasound-treated billets. An optimization study is carried out to enhance the stent's mechanical

performance while accounting for the material's loss of mechanical strength after 7 days of immersion.

5.1. GEOMETRY, MATERIAL CONSTITUTIVE DEFINITION, AND BOUNDARY CONDITIONS OF

THE STENT

The NG stent model (see Figure 5.1) with an inner radius of 2.50 mm, length of 12.00 mm, and initial
thickness of 0.20 mm was employed in this study's numerical analysis. The stent's dimensions were
defined according to the manufacturing process constraints, determined mainly by the minimum feasible
thickness. In fact, the filling of thin-walled parts remains challenging, and a minimum thickness of 0.20
mm is currently the lower limit of the microcasting technique [1]. Due to the use of straight lines combined
with arcs, this stent was designed to present lower values of foreshortening as the curved link elements
may compensate for the length reduction motivated by the radial expansion of the device as they deform

along the process.

Given the geometric periodicity of the stent in the circumferential and longitudinal directions in the
cylindrical coordinate system and the assumption of isotropic behavior of the material, only one-tenth of
the model was taken into account in the studies conducted, reducing the number of degrees of freedom
and, consequently, the required computation time, without loss of results accuracy. For this purpose,
symmetry conditions were applied in the lateral and central faces of the stent belonging to planes «, S,
and y, as presented in Figure 5.1 (b). Tetrahedral elements were used to mesh the stent, and each study

underwent a sensitivity analysis.

The mechanical behavior of the stent magnesium alloy was assumed to be isotropic and elastoplastic

with Young's modulus £ =43 GPa and Poisson ratio v=0.30. The plastic behavior is modeled by the

von Mises yield criterion and the nonlinear isotropic stress-strain hardening curve is described by a Voce-

type law defined by Eq. (5.1).

Y=Y, +(Y,, Yo [L-exp(-C x& )] (5.1)

where Y is the initial flow stress, Y_ is the saturation flow stress, C, is the unitless hardening rate (16),

and £° is the equivalent plastic strain, work-conjugate of the von Mises equivalent stress.
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(a)

i =us
a+ _ .«
Uy =y
ut =u?
Y o A

Figure 5.1 - (a) NG stent geometry and (b) symmetry boundary conditions representation.

5.2. NUMERICAL MODELING OF THE INFLATING BALLOON: INFLUENCE OF THE ADOPTED

MODELING STRATEGIES

Inflating the balloon placed within the stent expands and compresses the atherosclerotic plaque, which

allows the lumen to reopen and restores normal blood flow.

Intravascular procedures such as stenting are pointed to as a trigger of a sequence of cellular and
biochemical events that can ultimately lead to death [2-4]. The aggressiveness of the procedure,
specifically in terms of balloon features, has been shown to correlate with neointimal thickness [5].
Despite such evidence, most recent efforts to prevent neointimal hyperplasia have focused on the delivery
of systemic or local drugs, and little endeavor has been made to understand vessel injury from a
mechanical perspective. Since endothelium denudation can trigger neointimal hyperplasia, the relevance
of studying all the interactions between the stent, its deployment system, and the blood vessel to prevent
restenosis is highlighted. An example is a potentially harmful interaction between the balloon and the

artery [6].

The transient expansion of the stent may be influenced by the geometry of the balloon and its expansion
profile, highlighting the relevance of studying the impact of balloon modeling on the outcomes of the stent
deployment simulation. Indeed, a mismatch between the results provided by the numerical analyses and
those observed in the clinical practice can have severe repercussions for the procedure's success, which

is why it is vital to assess the impact of each modeling decision.
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This section explores a novel approach to determine the influence of ballon modeling strategies in the
stenting process with stents intended to be obtained by the ultrasonic-microcasting manufacturing
process, considering both the geometry and material models used. In this study, four different approaches
were adopted, two concerning the balloon geometry — open- and taper-ended - and two regarding the
constitutive material modeling - linear elastic and hyperelastic models. The longitudinal and
circumferential configuration profiles of the expanded stent were evaluated, as well as the balloon's
behavior during the expansion process, specifically in terms of membrane thickness and transverse and

longitudinal section areas.

5.2.1. METHODOLOGY FOR BALLOON INFLATION MODELING

The geometry of the NG stent is used to study the influence of the balloon's geometry and constitutive
material modeling on the outcomes of the deployment procedure. The element dimensions and mesh
settings for both the open-ended and tapered balloon models are shown in Table 5.1. To mesh the stent
and balloon, a total of 12413 and 13863 tetrahedral elements were employed for the open- and taper-
ended geometries, respectively. Sensitivity analysis was performed considering the quotient of pressure

applied and the stent radius in its mid-section by simulating different mesh sizes.

Table 5.1 — Geometry and mesh parameters of the stent and balloon models.

Strutwidth  Length  Thickness NN'e:f Inner radius [mm]
[mm] [mm] [mm] clements Mid-section End
Stent 0.30 12 0.20 4962 2.50
Open-ended
balloon (OE) - 14 0.15 7451 2.35
Taper-
ended - 14 0.15 8901 2.35 1.00

balloon (TE)

The balloon geometries were 2.00 mm longer than the stent, 1.00 mm on each side, to minimize the
effect of the non-uniform expansion of the balloon at its ends. Indeed, the impact of stent and balloon
placement on each other has already been pointed to as a factor that influences the expansion process
of the stent due to balloon transient behavior [7]. The assembly of the system stent-balloon is illustrated

in Figure 5.2.
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(a)

Figure 5.2 - Representation of the balloon-stent system for (al) open- (OE) balloon and (a2) taper-ended (TE) balloon.

The free expansion of the stent, i.e., without any external constraint, was performed considering the
inflation stage during which the pressure p applied to the balloon's inner surface increases until its inner
radius is 3.00 mm. The model was solved using the commercial finite-element software COMSOL
Multiphysics, and since deformation history is time-independent, the pressure was increased linearly with
a pseudo-time. An implicit model combined with a direct solver based on the nonlinear Newton-Raphson

method was adopted.

As observed for the stent geometry, the balloon model presents geometric periodicity in the cylindrical
coordinate system's circumferential and longitudinal directions, allowing to consider only one-tenth of the
model. Similarly, symmetry conditions were applied to the lateral and central faces of the balloon. The
ends of the open-ended balloon (detail (al) - Figure 5.2) were set free, and those of the taper-ended

balloon (detail (a2) — Figure 5.2) were fully constrained to represent the connection to the catheter.

Frictionless contact between the stent and balloon was assumed [8-10], and an augmented Lagrange
formulation was adopted, which generates no penetration and provides better accuracy than the penalty

method, although with a higher computational cost.

The constitutive modeling of balloon hyperelastic material (HE), characterized by low elastic modulus and

high bulk modulus, is derived from the strain energy density function (W), which represents the energy

stored in the material per unit of volume reference and is based on three isochoric strain invariants of the
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right Cauchy-Green strain tensor (/ /_2 and /_3). Once hyperelastic materials are considered

incompressible, /. is equal to 1 and W becomes a function dependent only on Z and /_2

Mooney-Rivlin models are one of the possible formulations for the description of the behavior of

hyperelastic materials, whose generic expression is given by Eq. (5.2):

W=22.00-3,-3 +%/f(le/ -1y (5.2)

where /, and /, .are the first and second invariant of the left isochoric Cauchy-Green strain tensor, J/,,
is the elastic Jacobian, fis the bulk modulus, and C,]. are model parameters. In this study, and according

to Eq. (5.3), a two-parameter Mooney-Rivlin model was adopted to describe the behavior of polyurethane

rubber, using the values of the material constants presented in Table 5.2

W =[G ~3)+Co —3)]+%k(4, _1y? (53)

Table 5.2 — Material constants for hyperplastic and linear elastic material models.

Material properties

Materlal References
model ¢ [MPa]  C,[MPa] X £ vy P
[MPa]  [MPa] [Kg/m?]
HE 1.03 3.69 10¢ - - - [11]
LE - - - 10 0.49 1100 [12,13]

The second Piola-Kirchhoff stress tensor () is then given by Eq. (5.4) as follows:

T = 8_1/1/ 54
oF (5.4)
where £ is the Green-Lagrange strain tensor, defined as:
1
E=—(C-)) (5.5)
2
being C the right Cauchy-Green tensor expressed by the deformation gradient £ :
C=FF (5.6)

The state of stress at a material point in its deformed configuration is defined by the Cauchy stress tensor,

which is given by:

oc=—FrF’ (5.7)

el
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Regarding the linear elastic (LE) behavior modeling of balloon material (Table 5.2), Hooke's law is used,

which is described as follows:

oc=C"¢ (5.8)

being ¢ the infinitesimal strain tensor and C¢ the fourth-order stiffness tensor, defined as:

C

ffkm

! =08,5, + 8,5, +6,5,) (5.9)

where A and u are the Lamé parameters and O is the Kronecker delta.

5.2.2. RESULTS AND DISCUSSION

A. STENT AND BALLOON EXPANSION PROFILES

Figure 5.3 shows the evolution of the stent radius and dogboning as a function of the pressure applied to
the inner surface of the balloon, considering a point belonging to the stent's mid-section plane. To assess
the effect of the balloon material model and geometry on the expansion behavior of the stent, a statistical
analysis was run resorting to /BM® SPSS® software. A pvalue < 0.05 (95% confidence interval) was

considered the criteria for limited statistical significance.

Since the evolution of the stent radius follows a normal distribution, according to the Kolmogorov-Smirnov
test, an independent samples #festto compare the LE and HE material models was conducted. According
to the pvalue result, no significant difference was found for the material used (p = 0.932). Likewise, no
statistical significance was verified when the OE and TE balloons geometry to expand the stent were used

(p=0.857).

Concerning the dogboning parameter, its maximum value occurred at the last step of the simulation for
both hyperelastic models, with values equal to 6.20% and 6.00% for the OE-HE and TE-HE models,
respectively (Figure 5.3 — green arrows). For linear elastic models, the dogboning parameter reached its
maximum absolute value a few steps before the expansion was complete, being 2.45% for the OE-LE
model and 2.77% for TE-LE (Figure 5.3 - red arrows). ). Adopting a linear elastic model resulted in an

average dogboning outcome of approximately 43.0% lower than when a hyperelastic model was used.
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Figure 5.3 - Stent radius and dogboning as a function of the applied pressure for the different balloon geometries and

material models for (a) OE — open-ended balloon and (b) TE - taper-ended balloon.

As noted by Khosravi ef a/. [13], despite the importance of dogboning in stent performance evaluation,
this metric may not always be the ideal technique to evaluate the uniformity of the expanded configuration

of the stent. In this sense, Figure 5.4 shows the evolution of the stent's radius along its length.
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Figure 5.4 - Stent radius assessment along their length as a function of the applied pressure: (a) OE-LE; (b) OE-HE; (c) TE-
LE; (d) TE-HE.

As a result of stent geometry, the stent's radius followed a nearly sinusoidal pattern, according to the
results. The link element, which connects the stent rings, offers less deformation resistance once it has
a lower width and thickness than the stent head. Although the pressure applied to the surface was
constant, the balloon was prone to exhibit more significant radial deformations in these regions, and,
therefore, the same was observed for the stent. On the other hand, near the stent head, the magnitude
of the balloon expansion was inferior due to the presence of wider and thicker structures, the reason why

the stent radius was also lower.

In the fully inflated configuration of the linear elastic model, the difference between the highest and lowest
stent radius along its longitudinal direction (zz axis — Figure 5.4) was less than that seen for the

hyperelastic model, independent of the balloon shape used.
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The difference was approximately equal to 3.3% and 3.8% for OE-LE and TE-LE models (measured
between the distal end and the head of the stent), respectively, and to 6.0% and 6.3% for OE-HE and TE-
HE (registered between the central and distal parts of the stent). In the case of hyperelastic models, the
existence of well-defined balloon regions between the stent link elements could be noticed. These results
suggest the development of balloon bulges through the stent gaps, which may have a negative impact
during the deployment procedure. Indeed, non-uniform stent expansion constitutes one of the main

causes of adverse events.

The evolution of the inner radius of the balloon in the cylindrical coordinate system is presented in Figure
5.5, for one-fifth of the balloon geometry model in the circumferential direction, considering a transversal

plane in its mid-section.

The results suggest that the inner radius of the balloon was not uniform along the circumferential
direction, mainly for the composition TE-HE model (Figure 5.5 (d)), with a difference of around 4.0%. The
OE-HE model (Figure 5.5 (b)) presented the best radius uniformity (0.2%), being registered a variation of
1.5% to the OE-LE model (Figure 5.5 (a)) and TE-LE (Figure 5.5 (c)).

These differences may be due to the presence/absence of stent structures, which act as a barrier to the
expansion of the balloon, influencing the radial deformation of the stent itself. As a compliant balloon is
used in this work, it was expected to keep expanding as the pressure increased. Thus, some portions
must appear to extrude between stent struts, forming bulges, as experimentally demonstrated by Rogers
et al. [6]. The obtained results concerning the balloon radius along its length indicate that the linear elastic
models (Figure 5.4 (a) and (c)) were not capable of reflecting this effect. Indeed, only hyperelastic models
(Figure 5.4 (b) and (d)) demonstrated well-defined balloon regions between the stent link elements with
a larger radius than the remaining areas. These results suggest the development of balloon protrusions
through the stent gaps, which agrees with the experimental results. Moreover, the balloon radius along
the circumferential direction shows that the TE-HE model was the only one to exhibit balloon protrusions
at each stent cell (the open region between stent struts). Consequently, it is suggested that this
combination of balloon geometry and material model is the one that correlates the best with the clinical

and experimental results.
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Figure 5.5 - Evolution of the balloon radius in the circumferential direction over inflation time for the considered geometries

and material models: (a) OE-LE; (b) OE-HE; (c) TE-LE; (d) TE-HE.
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The ability to predict such behavior is paramount since it has been associated with endothelium
denudation and, thus, restenosis development [6]. Regardless of the importance of such results, the
balloon's geometry is not entirely realistic, given the neglect of the folded configuration. However, it is
reasonable to infer that the system's final configuration was comparable to reality, although the transient
behavior may show some differences due to the unfolding of the balloon membrane. Therefore, such

simplification was judged acceptable.

The discrepancies in the enlarged profile of the stent for the four simulated models may be attributable
to the balloon's distinct behavior. The evolution of the balloon's volume (t, x perimeter x length) during

the expansion process was calculated to assess these differences. The calculus showed no significant
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variation when the hyperelastic model was applied. Such evidence is a consequence of material
incompressibility, contrary to what is verified for the elastic model. In this case, the models experienced
a reduction of their volume of 11.4% and 17.8% for the open- and taper-ended geometries, respectively.
It is proposed that when pressure is applied to the inner surface of the balloon, part of the energy is used
to promote a reduction of the thickness of its membrane and not only on radial expansion, remaining

stored within the material.

It was anticipated that the balloon's thickness and sectional areas would fluctuate during inflation.
Moreover, a more pronounced reduction of the membrane thickness was expected when the balloon
established contact with the stent. Figure 5.6 shows the evolution of the transversal and longitudinal

balloon areas during the simulation of the inflation process.

™

~

o

o
T

4.60

4.40

4.20

4.00

3.80

3.60

Balloon's Longitudinal Section Area [mm?] E

Balloon's Transversal Section Area [mm?]

| —oELE o —— OELE o
034 - --0EHE P ] 340 === OEHE )y
TE-LE "Z — TELE "(
oz - - - TEHE T Transversal Area s —--TERE Longitudinal Area
1 1 1 Il 1 1 1 Il
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Inflation Time [s] Inflation Time [s]

Figure 5.6 - Evolution of the (a) transversal area and (b) longitudinal area of the balloon during the inflation process.

During the inflation process, the transverse area of the hyperelastic balloons stayed rather constant, but
that of the linear elastic model dropped (Figure 5.6 (a)). )). Once the linear elastic material is
compressible, the thickness reduction is more pronounced than the increase of its perimeter, resulting

in an overall decrease in volume.

Regardless of the material model used, a decrease in the balloon longitudinal section area was verified
due to the thickness reduction and its fixed ends (Figure 5.6 (b)). In this sense, it is possible to conclude
that the adopted material model directly influences the balloon deformation profile and hence the stent

expansion process and final configuration.

B. VON MISES STRESS DISTRIBUTION
The stress distribution in the stent is presented in Figure 5.7. There were no significant discrepancies in

the outcomes of the four evaluated models. For all cases studied, a stress concentration was located at
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the curved crown segments of the stent cell, which act as hinges and thus underwent large plastic

deformation during the expansion process, as presented in detail (1) and detail (2).

von Mises Stress [MPa]
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Figure 5.7 — von Mises stress distribution in the stent at the maximum expansion for the OE-LE model, where detail (1) and

detail (2) represent the stress concentration within the curved struts of the stent for the four balloon models tested.

Figure 5.8 presents the evolution of the von Mises stress during the inflation process for the open- and
taper-ended balloons. According to Figure 5.8 (b), (b), for the tapered balloon, the results of linear and
hyperelastic models near overlapped, while in the open-ended balloon, there was a deviation of 25.8% in
the first stage of expansion (Figure 5.8 (a Such behavior was associated with the faster increase of the
stent radius of the OE-HE model at the beginning of the expansion compared to verified for the OE-LE

model, as observed in Figure 5.3.

Table 5.3 presents the maximum and averaged von Mises stress values at the full expansion for all studied
models. Considering the same balloon's geometry, it was possible to conclude that the maximum stress
was lower when a hyperelastic model was used. The difference was about 2.7% higher for the taper-ended
balloon and 2.0% for the open-ended balloon. On the other side, the open-ended balloon exhibited lower
values than the taper-ended balloon when the linear elastic model was used, occurring the opposite for

the hyperelastic model.
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Figure 5.8 - Evolution of the von Mises stress during the inflation process (a) open-ended and (b) taper-ended balloons.

Table 5.3 — Maximum and averaged von Mises stress within the stent at the maximum expansion of OE-LE, OE-HE, TE-LE,

and TE-HE balloons.

Balloon model

Maximum stress [MPa]

Average stress [MPa]

OE-LE 295 118
OE-HE 290 111
TE-LE 297 118
TE-HE 289 118

The results demonstrate that the ability of a stent to expand is insensitive to the balloon model when both
the fully expanded diameter and von Mises stress are considered. Indeed, the maximum stress value
occurred at the curved areas of the ring for all four models, underlying the conclusion that von Mises
stress is not sensitive to balloon geometry or material model. The difference between the maximum value
for the linear elastic and hyperelastic tapered balloon was close to zero. In the case of an open-ended
balloon, the discrepancy found at the early stage of expansion may be due to the faster increase of the
stent radius of the OE-HE model at the beginning compared to the OE-LE model, as observed in Figure
5.3. Such results agree with those reported by Schiavone et a/. [132] and Chen et a/. [133] and suggest

that the four balloon models can be used interchangeably for stent stress analysis purposes.

5.2.3. CONCLUSIONS ON THE BALLOON MODELING EFFECT ON STENT DEPLOYMENT OUTCOMES

This section presents the study of the influence of both balloon constitutive modeling and geometry on
the outcomes of the numerical simulation of the stent deployment procedure. While stent expanded
diameter and von Mises stress over the stent were found to be little sensitive to the balloon modeling
strategy adopted, the choice of balloon geometry and material model has proven to influence balloon and
stent expanding behavior. Indeed, the results suggest that balloon-type influences the stent expanded

profile along its length and diameter due to different deformation behavior exhibited by the balloon. In
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this regard, it was possible to conclude that the TE-HE balloon model was the one that showed the closest
behavior to clinical and experimental results, namely concerning the development of balloon protrusions
at stent cells. Such ability is of utmost importance since balloon-artery interaction has been pointed to as

capable of promoting endothelium denudation and restenosis.

This work enhances understanding of the effect of balloon modeling on the simulated outcomes of
stenting. The results presented here can be utilized in future research to optimize stent geometry and

placement protocols to reduce balloon-induced arterial damage.

5.3. IMPACT OF THE STENT MATERIAL PROPERTIES ON THE DEPLOYMENT OUTCOMES

To ensure a suitable performance during and after the deployment procedure, the stent must meet a set
of mechanical requirements, including high radial strength, low elastic radial and longitudinal recoil, and
minimal dogboning and foreshortening [14,15]. Different approaches may be adopted to accomplish
these characteristics once factors such as the deployment set used, which includes the expansion balloon,
the stent design, and the applied materials, can significantly impact the outcomes of the process [13,16-
18]. In this regard, it is virtually possible to resort to coatings, processing techniques, and functionally
graded materials to tailor the stent properties as desirable and overcome the limitations due to the

intrinsic mechanical properties of a given material.

The application of ultrasound treatment to AZ91D-1.0% Ca (wt.%) magnesium alloy melt has been proven
to enhance the characteristics of the material concerning its yield and tensile strength, as well as
elongation at break [19]. Such improvement may lead to a better performance of a stent built in this

processed material in a way that makes it more suitable for that application.

To assess the effect of the material on stent deployment, FEA was conducted on two identical geometric
stents built-in AZ91D-1% Ca (wt.%) from non- and ultrasound-treated ingots. For this purpose, the stress-

strain curves from tensile tests of both materials were used.

5.3.1. METHODOLOGY FOLLOWED FOR STENT DEPLOYMENT MODELING
The assessment of the influence of the material characteristics resulting from the different processing
techniques on the stenting outcomes was performed through the simulation of the stent deployment

procedure, considering both the inflation and deflation stages of the process.

A non- and ultrasound-treated AZ91D-1.0% Ca (wt.%) alloy was used as the stent's material to study their
properties' influence on the stent performance during the deployment procedure. Due to the

manufacturing process, both materials were considered isotropic and elastoplastic. The different
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processing conditions significantly affected stress-strain curves and elongation at break, yield, and tensile

strength values. The mechanical properties used are presented in Chapter 3.

The plastic behavior of both materials was modeled using the von Mises yield criterion, while the nonlinear

isotropic stress-strain hardening curve was modeled using a Voce-type law.

Considering the results of the study of the influence of balloon modeling on the outcomes of the
deployment procedure, a taper-ended balloon modeled as a hyperelastic material was used. The adopted

parameters are described in section 5.2 of this chapter.

A linear pressure was applied to the inner surface of the balloon, leading to its expansion in a process
that mimics its real inflation during the stent deployment procedure. The expansion of the balloon imposed
a radial deformation to the stent that also expanded. The pressure application ceased when the von Mises
stress equaled the tensile strength; afterward, the balloon returned to its original diameter, allowing the

stent to recoil slightly.

Considering the abovementioned symmetry of the stent and the balloon models, only one-tenth of the
assembly balloon+stent was used in this numerical study, applying symmetry conditions to their lateral
faces and central ends. The distal end of the balloon was fully constrained to represent its bond to the

delivery catheter system.

The contact between the stent and the balloon was frictionless and modeled using an augmented

Lagrange formulation.

5.3.2. RESULTS AND DISCUSSION

A. EXPANSION BEHAVIOR OF THE STENT

Figure 5.9 presents the demanded expansion pressure to be applied on the inner surface of the balloon
as a function of the stent expanded radius for the non- and ultrasound-treated AZ91D-1.0% Ca (wt.%)

alloy.
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Figure 5.9 — Required expansion pressure as a function of the stent diameter.

The behavior of the stents built from the non- and ultrasound-treated materials was comparable mainly
in the early stages of the expansion, during which the pressure-diameter curves overlapped. However,
the stent manufactured using the ultrasound-treated alloy was revealed to achieve radial expansion of
higher magnitude once the ultrasound treatment has been proven to enhance the tensile strength and

elongation of the material, as previously concluded by Puga et a/. [19].

Regarding the dogboning and foreshortening parameters, Figure 5.10 presents the results for the two

considered materials
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Figure 5.10 — Doghoning and foreshortening evolution during the expansion of the stent built-in non- and ultrasound-treated

material.

For an applied pressure of about 0.23 MPa, which corresponds to approximately the same expanded
diameter for both materials, the results suggest that dogboning and foreshortening were not sensitive to

the material used.
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Both materials presented approximately equal negative values of dogboning, which means that the
expansion of the central region of the stent was greater than that of its ends, an effect also observed in a
free stent expansion study carried out by Schiavone ef a/. [16]. In this regard, the authors claimed that
negative values of doghboning were considered desirable once such behavior helps dilate the stenotic
plaque, which is intended to be in direct contact with the middle section of the stent. The maximum value
of dogboning was about -2.50%, suggesting that the stent expansion was nearly uniform, preventing artery

injury during the procedure [13].

The foreshortening effect was also comparable for both materials. The negative values were associated
with the longitudinal shrinkage of the stent as its diameter increased, which agrees with the results
reported in the literature [13,14,16,20]. The foreshortening values obtained in the present study were
very low, indicating that the length of the stent did not suffer significant changes during the deployment
procedure. It is vital to keep this parameter as low as possible to ensure full coverage of the diseased
part of the blood vessel and to prevent the friction between the stent and the blood vessel that may lead

to its damage and consequent restenosis event [16,21].

The results presented for both parameters, dogboning and foreshortening, suggested that other factors
may impact these metrics more significantly than the material used in the stent manufacturing. Indeed,
some optimization studies focused on reducing these phenomena used design parameters as control
variables to achieve it, which stresses the influence of the stent geometry on the device's performance

regarding these phenomena [18,22,23].

B. VON MISES STRESS

The evolution of the average and maximum von Mises stress over the stent is presented in Figure 5.11.
At the approximately same expanded diameter, corresponding to an applied pressure of 0.23 MPa, the
stent made of ultrasound-treated alloy tended to exhibit higher stress levels than those of the non-treated

one, in line with the difference observed between the materials' behavior and their properties.

For both materials, it is possible to notice that the average stress presented a much lower value than the

maximum stress, which may have its origin in local stress concentrations.
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Figure 5.11 - Evolution of von Mises stress over the system during the expansion of the stent built-in (a) non- and (b)

ultrasound-treated material.

By analysing Figure 5.12, , where the von Mises stress is plotted for the stent built-in ultrasound-treated
A791D-1.0% Ca (wt.%), it is feasible to deduce that the stress distribution was fairly uniform, except for

the corners of the struts, where stress concentration occurred due to the shape of the struts.
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Figure 5.12 — von Mises stress distribution over the fully-expanded stent built-in ultrasound-treated material.

The location of the maximum stress for the stent built-in non-treated material was consistent with these
results. Previous research [16,20] has determined that corner and link elements are the most likely to

experience the largest deformations during expansion and, thus, to display the highest stress values.

The stent recoil after the balloon deflation is also a parameter that may be used to assess the stent's
functional performance. As the balloon deflates, the pressure exerted in the stent decreases, which may
lead to a slight recovery of the elastic part of the stent's deformation. It is critical for the stent's functional
performance that it presents a sufficiently high plastic ductility combined with low longitudinal and radial

elastic recoil [14,18].

Figure 5.13 presents the recoil evaluation of the stents made from non- and ultrasound-treated alloys.
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Figure 5.13 - Recoil evaluation for non- and Ultrasound-treated stents.

The results show that the effect ultrasound treatment of the AZ91D-1.0% Ca promoted on the material's

tensile properties significantly impacted the stent recoil effect, leading to its increase, except for the
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longitudinal recoil. As observed for the foreshortening, it is suggested that the length variation of the stent
may be more sensitive to the geometry of the device than to the material applied, as previously referred
to by Khosravi et a/. [21]. The distal recoil, measured at the ends of the stent, was about 43.8% and
41.4% inferior to the central recoil, evaluated at its plane of symmetry for the stents made of non- and
ultrasound-treated alloy, respectively. This situation agrees with the results observed in dogboning, which
showed that the ends of the stent expanded less than its central section, suffering a smaller elastic recoil.
Ultrasound-treated material led to the stent displaying a distal and central recoil of about 22.9% and 17.8%

higher than the stent built-in non-treated one.

5.3.3. CONCLUSIONS ON THE STENT'S MATERIAL PROPERTIES IMPACT ON DEPLOYMENT OUTCOMES

This study investigates the effect of the stent's material properties on its expansion behavior, considering
metrics such as expanding pressure required, dogboning, foreshortening, and von Mises stress. It is
suggested that the stent made of ultrasound-treated alloy achieved greater radial expansions than that
fabricated from the non-treated one, given its superior material properties represented by the stress-strain
curves used as input in the numerical model. Dogboning and foreshortening parameters showed similar
results for both materials studied, indicating that they are more sensitive to other factors than the material
used. The geometric parameters may be an example of such. The average and maximum stress values
that the stent underwent at full expansion were significantly different for both cases presented. This
situation suggests the existence of local stress concentrations, which was confirmed by the stress
distribution plot. It was shown that the corner elements are subjected to higher stresses than the

remaining structure.

Furthermore, it is suggested that using the ultrasound-treated material leads to the stent developing higher
stress values than the non-treated one. The stent central and distal elastic recoil was influenced by the
material used, whereas the longitudinal recoil presented the same value for both conditions. Higher values

of radial recoil were found for the stent built-in ultrasound-treated material.

The results obtained highlight the potential of the application of ultrasound treatment to enhance the stent
deployment procedure outcomes by meaningfully improving the material's mechanical properties. In fact,
greater radial expansion could be achieved without compromising the integrity of the stent thanks to the
higher mechanical properties, namely in terms of tensile strength. Such a feature can help improve the

device's versatility, given that it can assume a wider range of diameters.
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5.4. OPTIMIZATION OF A NEW STENT DESIGNED FOR MANUFACTURING THROUGH

ULTRASONIC-MICROCASTING

Achieving better outcomes from deploying a stent in a stenosed artery may depend on several factors in

which the applied material properties and the stent geometry are included.

Manufacturing a stent using the microcasting technique opens a wide set of new geometric possibilities
[22]. The variation in the stent's cross-section thickness is an example. Indeed, the thickness of the stent
struts is a key element of stent design, given its influence on the device deliverability and restenosis rate,
as demonstrated in the ISAR-STEREO clinical trial [24,25]. The results showed that thinner struts lead to
lower rates of restenosis when compared to thicker ones. However, it was also associated with a larger
recoil following deployment, resulting in lower luminal gain and, thus, inferior results in rectifying vascular

obstruction.

The dogboning and foreshortening phenomena have also been referred to as restenosis triggers due to
the injury inflicted on blood vessels [14]. These effects may be minimized by controlling the stent design
by resorting to shape optimization. An example is increasing the thickness of the regions prone to expand
more. This way, the stent shape may assume a more uniform expanded configuration and present a

lower dogboning value than the original design.

This section presents and discusses the results of shape optimization of a stent manufactured from
ultrasound-treated AZ91D-1% Ca alloy to improve its functional performance, considering the unique and

novel advantage of cross-section thickness variation granted by the microcasting process.

5.4.1. METHODOLOGY FOR STENT DESIGN OPTIMIZATION
In order to facilitate the iterative design process, an NG stent is created in parametric form for shape
optimization. The architecture of the stent has open-cell and link elements: the former gives structural

support to the artery, while the latter affords the device flexibility

To optimize the stent design, the hypothesis of non-uniform cross-section thickness of the stent struts is
considered. Hence, the stent geometry is segmented so the cell and the link elements can present

different thickness (t) values, as depicted in Figure 5.14.
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t, - stent end

t, - link element |

t, - radial expanding cell

t, - link element |1

Figure 5.14 - Identification of the stent segments used as design variables.

A reference design with a uniform cross-section of 0.20 mm was used as the reference design.

A linear increasing pressure pis applied at the stent's inner surface to promote its expansion, mimicking
the balloon inflation within the stent, and symmetry constraints are applied to lateral faces and the central
end of the stent unit. Tetrahedral elements were used to mesh the stent model, ensuring a minimum

value of the Average Quality Element parameter equal to 0.75 over 1.

The stationary study of the stent deployment was carried out using MUMPS solver, while the Constrained
Optimization by Linear Approximations (COBYLA) algorithm was defined as the optimization method.
COBYLA minimizes an objective function F(X) subject to M inequality constraints of the form g(X) >= 0 on
X, where X is a vector of variables that has N components. This algorithm uses linear approximations to
both objective and constraint functions by using linear interpolation at N+1 points of the variables' space.
When calculating new variable values, each constraint is considered separately instead of combined into

a single penalty function.

In this study, the objective function is defined as the sum of the maximum values of dogboning and
foreshortening. Both metrics are of great importance concerning the stent performance once they are
pointed to as possible triggers of restenosis events due to the injury inflicted on the blood vessel wall
[13,16,26]. The constraints are design-related and imposed by the manufacturing process, e.g.,
maximum thickness ratio between two successive sections and minimum thickness allowed. The

optimization problem is mathematically translated as follows:

, min Dogboning
Objects:
min Foreshortening
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Where the thicknesses (£, i=1,2,3,4) are selected as design variables.

5.4.2. RESULTS AND DISCUSSION

Figure 5.15. depicts the evolution of the stent's objective function and design control variables. The results
suggest that the thickness of the link between the cell and the end (#2) does not significantly impact the
objective function, which is demonstrated by its near-constant value across all the iterations. Regarding
the link between cells (#4), it was found that a higher value was favorable to the minimization of the
objective function since its value remained approximately constant from the fourth iteration on. A lower
value of the thickness of the stent cell and end appeared to support the reduction of the objective function

value.
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Figure 5.15 - lterative process of stent design optimization: evolution of the design variables and objective function.

The values of the design control variables (thickness of the different stent sections) for the reference and

optimized designs are presented in Table 5.4.
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Table 5.4 — Thickness values of the different stent sections for reference and optimized designs.

t [mm] t, [mm] t, [mm] t, [mm]
Ref?rence 0.200
design
Optimized 0.195 0.295 0.200 0.320
design

Figure 5.16 shows the stent radius as a function of the applied expanding pressure for both reference
and optimized geometries. Comparing the two designs' performance, it is possible to observe that the
optimized geometry required higher pressure than the reference one to achieve the same expanded radius
(0.62 MPa vs. 0.38 MPa). It can be suggested that the higher value of t2 and t4 contributed to such an
increase since thicker struts offer high resistance to deform. Despite high values of expanding pressure
may be associated with higher rates of adverse events like restenosis, the optimized design demanded

pressure was still within the desirable range [6].
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Figure 5.16 — Required expansion pressure as a function of the stent radius for both reference and optimized geometry.

Regarding the dogboning metric, the optimized geometry substantially improved over the reference one
(see Figure 5.17). Indeed, the initial design led to some regions being likely to expand more than others,
resulting in a non-uniform radial expansion of the stent. By modifying the thickness of each segment, it is
possible to tailor their resistance to expansion, i.e., regions prone to expand more due to their
configuration may see that effect counteracted by higher thickness. In this sense, the optimization method
resulted mostly in (i) an increase in the thickness of the two link elements which used to exhibit a higher
radius - £ and £, - and (ii) a reduction of the thickness of the stent end to ease its expansion - £. The
optimized geometry allowed a maximum dogboning of about 1.0%, roughly 80.0% less than the initial

design.
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Figure 5.17 — Doghoning evolution during stent expansion for both reference and optimized geometry.

Figure 5.18 shows the evolution of the foreshortening in relation to the expanding pressure. Even though
the foreshortening value of the reference geometry was already low (approximately 0.06%), the
optimization process reduced this value to about -0.04%, meaning that the stent length varied about 0.01
mm, which can be neglected. However, it could be noticed that, differently from what was observed for
the reference geometry, the stent length decreased. This shift in the stent behavior is promoted by the
link elements being thicker in the optimized design, resisting better deformation, and, thus, do not fully
compensate for the shrinkage. On the other hand, this reduction meant a difference of nearly 40.0%

between the results, highlighting once again the significant influence and potential that the stent design,

Pressure [MPa]

and in this case, the thickness of its struts, has on the device performance.
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Figure 5.18 — Evolution of foreshortening during the stent expansion for both reference and optimized geometry.

0.20 0.40
Pressure [MPa]

0.60

146




Chapter 5 - Finite element analysis of stent functional performance

5.4.3. CONCLUSIONS ON THE POTENTIAL OF STENT CROSS-SECTION THICKNESS VARIATION
This study's findings shed light on the unique potential that casting procedures may bring to the field of

stent design, specifically the possibility of creating devices with variable cross-section thickness.

In fact, the cross-sectional thickness of the stent has been shown to significantly impact all of the
investigated parameters: stent expanding ability, doghoning, and foreshortening. The optimized geometry
was found to demand higher expansion pressure than the reference geometry; however, the required
value remained within the acceptable range. Furthermore, the optimized design exhibited lower values of
dogboning and foreshortening, achieving a reduction of about 80.0% and 40.0%, respectively, compared
to the reference design. In this way, a more uniform stent expanded configuration could be achieved,
directly associated with better treatment outcomes, as it reduces the likelihood of artery damage during

the deployment procedure.

5.5. EFFECT OF MATERIAL DEGRADATION ON THE STENT MECHANICAL STRENGTH LOSS

The poor corrosion resistance of magnesium and its alloys is one of the major bottlenecks for their
application in biomedical device manufacturing. In recent years, several researchers have concentrated
their efforts on developing strategies that can slow the corrosion rate of these materials when exposed to
body fluids. Indeed, in addition to the increased risk of bacterial infections due to hydrogen release, a fast
loss in mechanical strength is observed, compromising the structural function of the device. In particular,

the loss of mechanical integrity may lead to stent acute recoil and fracture and, hence, stent thrombosis.

In this way, due to the rapid and non-uniform degradation of the material, magnesium-based stents
require high thickness to ensure radial support for a longer period. However, thicker struts bring serious
problems, such as slower endothelialization, worse biocompatibility, and a considerably increased risk of
late restenosis [27,28]. In fact, the Absorb BVS withdrawal from the market in 2017 by the Food and

Drug Administration was driven by the high thickness (157 um) and malposition of its struts.

Using FEA to optimize the stent's design may be one way to lower the strut's thickness while assuring
adequate performance for crucial metrics such as mechanical support capacity. Several optimization-
based strategies have already been documented in the literature. Gharleghi et a/. [29] developed a
multiobjective optimization based on hemodynamic indices commonly used to asses stents' clinical risk
and mechanical performance. The authors considered seven design variables, including the strut cross-
section and the connector shape, and set the percentage of vessel area exposed to harmfully high Wall

Shear Stress (WSS) and the radial stiffness of the stent as the objective functions.
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A different methodology was adopted by Chen ef a/ [30], who performed a shape optimization of a
biodegradable magnesium stent to achieve a more uniform deformation during the crimping and
expansion processes. Through design optimization, the mechanical performance of the stent was
enhanced, and lower values of dogboning and foreshortening were attained while the radial strength was
increased. Nonetheless, the struts were still too thick, stressing that enhancing the radial strength and
reducing the residual stress is challenging for biodegradable devices such as magnesium-based ones
[31]. Furthermore, the investigation of the effect of degradation on the mechanical performance of stents

over time is still lacking in the literature.

This section presents a study of the impact of mechanical properties deterioration on the stent's radial
strength through FEA resorting to tensile test results of AZ91D-1.0% Ca (wt.%) wires immersed in an EBSS
flow from 48 h to 7 days (168 h). Additionally, a shape optimization study was carried out to reduce the
stent strut thickness to make it suitable for clinical practice without compromising the integrity and

performance of the device, addressed through residual stress and equivalent plastic strain minimization.

5.5.1. METHODOLOGY FOR SIMULATION OF STENT RADIAL STRENGTH EVOLUTION WITH THE MATERIAL
DEGRADATION

Radial strength is a metric commonly used to assess the stent performance that is highly dependent on

the material's mechanical properties. The degradation of the magnesium alloy under physiological

conditions primarily results in a loss of mechanical properties and, consequently, a reduction in the radial

support capacity of the stent.

The NG stent model was selected as the reference design in this study. A two-step model was developed,
consisting of (i) the stent radial expansion and recoil followed by (ii) the simulation of the radial pressure
exerted by the artery on the stent. In the first stage, the stent was subjected to a radial displacement that
increased its internal radius from 2.50 mm to 3.15 mm, following which it was allowed to recoil. As the
expansion behavior of the stent was not the focus of the present investigation, it was determined that the
balloon's existence could be omitted, hence decreasing the computational cost of the simulation. In the
second stage, an increasing force was linearly applied inwards until the von Mises stress reached the
tensile strength of the material at each degradation time point. This way, the stent's radial strength

evolution with the immersion time could be determined.

The stress-strain curves (Figure 5.19) from the tensile testing of the non- and ultrasound-treated AZ91D-

1.0% Ca wires immersed in EBSS for 48, 72, and 168 h were used as input data to the numerical model
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so the mechanical properties degradation influence on the radial strength of the stent could be evaluated.

Stress-strain curves of the non-degraded materials were used to simulate the stent expansion.
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Figure 5.19 - Stress-strain curves from uniaxial tensile testing of (a) non- and (b) Ultrasound-treated AZ91D-1% after

immersion in EBSS.

The stress-strain curve corresponding to 168 h of immersion time was used in the optimization study, so
the design could be optimized considering the most demanding scenario studied. In this case, the
application of a radial force in the stent's outer surface in the simulation's second stage was replaced by
a radial pressure equal to 0.20 MPa to mimic the artery recoil effect [32]. The multiobjective optimization
process was based on COBYLA numerical method. The optimization routine aimed to minimize the
objective function, composed of three individual objectives, namely (i) strut thickness, (ii) average residual

stress after stent recoiling, and (iii) average equivalent plastic strain at full stent expansion.

The width of horizontal and vertical struts (see Figure 5.20) was designated as design control variables,
while a maximum von Mises stress over the tensile strength of 5.0% of the stent volume was set as a

constraint.
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Figure 5.20 — Schematic representation of the design control variables used in the optimization process.

The process of optimization could be described as follows:

min strut thickness
Objective function: < min residual stress

min equivalent plastic strain

(5.11)

stent

St {Vstent (O-VM 2 O-ult) < 005

5.5.2. RESULTS AND DISCUSSION
A. EXPANSION BEHAVIOR OF THE STENT

The evolution of the stent radius as a function of the expanding pressure applied to its inner surface is

presented in Figure 5.21 (a).
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Figure 5.21 — Evolution of the stent radius as a function of the expanding pressure applied in its inner surface and (b) von

Mises distribution over the stent unit.

It is observable that less pressure was necessary to expand the stent made from ultrasound-treated
material compared to the one made from non-treated alloy. Such a difference is promoted by the higher
ductility exhibited by the former, which grants higher deformation under lower pressure. These findings
are consistent with the maximum von Mises stress over the stent unit (Figure 5.21 (b)), which was shown
to be inferior for the ultrasound-treated material case (311 vs. 327 MPa). Nonetheless, the distribution of
the von Mises stress was comparable for both conditions, with higher values found on the curved regions

of the stent's struts due to the more significant deformation.

Figure 5.22. depicts the progression of the radial strength of stents made from non- and ultrasound-

treated AZ91D-1.0% Ca wires.
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Figure 5.22 — Evolution of the radial strength of the stents built from non- and ultrasound-treated wires over immersion time.

The results showed that, at the initial stages of the degradation tests, the radial force supported by the

stent built from non-treated material was higher than that of the ultrasound-treated one. This pattern
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persisted for immersion for up to 48 hours, after which an inversion could be noticed. After immersion
for 72 h, the radial strength of the stents made of ultrasound-treated material was about 4.0% higher than
that of the stents built-in non-treated ones, a difference that increased to 14.0% after 168 h. These
observations are consistent with the corrosion results reported in Chapter 4, as the corrosion rate of the
ultrasound-treated material is significantly higher in the first hours of immersion, translating into an
accelerated loss of mechanical properties, after which it significantly drops. In fact, for longer immersion
times, the mechanical strength decreased at a remarkably slower pace for the ultrasound-treated material
compared to the non-treated one, which is suggested to result from the different degradation behavior.
Notwithstanding, it can be inferred that radial strength loss happened at a very high rate for both
circumstances, indicating that additional modifications may be necessary to preserve the stent's integrity

during the treatment term, typically set at six months.

B. OPTIMIZATION PROCESS RESULTS
Design optimization is a valuable tool that helps find the best structural architecture considering pre-
established objectives. Optimizing the stent design can remarkably enhance the treatment outcomes,

which is why there is an increasing number of scientific publications under this scope.

Nonetheless, this complex problem is characterized by many variables, ranging from geometrical
parameters and material properties to physiological conditions [33]. In this regard, developing a
comprehensive numerical model capable of addressing all the related issues is challenging, so most

research on this topic usually focuses on a limited number of factors.

It has been found that the strut thickness of a stent has a significant impact on the outcomes of stenting
treatments. It is usually associated with inflammation at the location of the lesion, and in extreme
situations, it inhibits the struts of the stent from being covered with neo-intima [34,35]. Several studies
indicate that thinner struts can assist reduce the restenosis rate, and a meta-regression analysis [36]

indicated a substantial positive link with late lumen loss.

When developing a stent, residual stress is also an important metric that must be considered. High-stress
values after the stent expansion can lead to stress corrosion, micro-cracks formation and fractures,
seriously compromising the device's integrity and, thereby, patient safety [37]. On the other hand, the
equivalent plastic strain minimization is a critical parameter in reducing high-stress areas, as stated by Li
et al. [39], working to improve the stent's mechanical resistance by indirectly reducing the likelihood of

stress corrosion occurrence.
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Figure 5.23 also depicts the evolution of the objective function and design factors and Table 5.5 and
Table 5.6, present, respectively, the matrix of the stent design iteration of the optimization process for
the reduction of (i) strut thickness, (ii) average residual stress after stent recoiling, and (iii) average
equivalent plastic strain at the fully expanded configuration of the stents made of non- and ultrasound-

treated AZ91D-1.0% Ca.

(a) {b) 0
55
050 M\/LM < 0,0045 =
= e . o
/ = =
f - =
= | —a— Strut thickness B © = 4
E oood0 £ E ]
0.40 —a— Horizontal strut width : & =
£ | » £ =
=+ | —A— Vertical strut width o o @
3} | A = @ 150 w
2 | A AL A g2 3 g
] F'Y i o] ]
; 0.30 [ " ’ \/ ,\‘XL. Addogddaba o % ; %
K | / = s =
= u-n \ \ g = —
< \ Ll o \. g 400030 = < —u— Strut thickness <
= / \ / L o = —a— Horizontal strut width | 5 =
Sozf \‘// v W o —&— Vertical strut width 2
a I/\I—.’H " i - 2 A o
.
\/I—I - .y - 00025 5 %
=
] o
olofF 0.10 |- g
L L L . . 0.0020 L I L 1 1 10
0 5 10 15 20 25 30 0 5 10 15 20 25 20
Iteration [-] Iteration [-]
(c) (d)
-1 55
050 - 00045 050 T
. [} =
_ A A /‘/‘\x*/.\‘ P B e = = @
£ | AR, 4 = £ L a
£ oaol | p A 0.0040 s £ 0.40 %
/ =
g /'\‘\ W 2 g 50 §
e , / Hocoss 7 S =
@ 030 - = @o030F =
= o = m-m S
& i e 2 & =
S \ —=— Strut thickness 0.0030 % s —a— Strut thickness g
| =
5 020 —s— Horizontal strut width = = o . —e— Horizontal strut width | 45 2
205 A~ Vertical strut width 3 202 e - A Vertical strut width 8
g |/\. . g 3 PN 8
a fowoe e T E | 4 0.0025 % = / W %
olo - o L ]
Y z 0.10 =
. L L y . 0.0020 = X , X \ 40
0 5 10 15 20 25 30
) 0 5 15 25 30
Iteration [-] Iteration [-]

Figure 5.23 — Evolution of (a,c) plastic strain and (b,d) residual stress as function of the design control variables for (a,b)

non- and (c,d) Ultrasound-treated stents.
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Table 5.5 — Optimization iterative process of the stent built-in non-treated AZ91D-1%Ca.

Horizontal Vertical Strut Average Average
lteration Strut Strut Thickness Equivalent Residual  Objective
Width Width [mm] Plastic Stress [-1
[mm] [mm] Strain [-] [MPa]
Reference 0.300 0.300 0.200 0.0047 56.02 -

1* 0.300 0.300 0.150 0.0031 50.95 81.9626
2 0.300 0.300 0.190 0.0044 55.74 99.5846
3 0.360 0.300 0.150 0.0031 50.95 81.9626
4* 0.300 0.360 0.150 0.0031 50.95 81.9626
5 0.416 0.305 0.163 0.0036 52.85 88.6451
6** 0.476 0.311 0.160 0.0034 51.50 85.0375
7* 0.500 0.347 0.133 0.0026 48.70 NaN
8* 0.488 0.329 0.146 0.0030 50.55 80.9224
9* 0.480 0.287 0.148 0.0031 50.99 81.6527
10* 0.500 0.364 0.152 0.0031 51.09 82.6008
11* 0.490 0.259 0.149 0.0030 51.29 81.6939
12* 0.466 0.283 0.150 0.0031 50.79 81.6003
13* 0.487 0.309 0.135 0.0028 49.16 76.9642
14~ 0.500 0.266 0.143 0.0030 48.84 78.5065
15% 0.490 0.279 0.153 0.0031 51.42 82.8892
16* 0.480 0.293 0.152 0.0031 51.03 82.3237
17" 0.478 0.285 0.149 0.0031 51.14 81.9962
18* 0.481 0.288 0.143 0.0030 48.75 78.3016
19* 0.485 0.290 0.139 0.0029 50.54 79.8190
20* 0.474 0.289 0.142 0.0030 50.76 80.4449
21" 0.481 0.285 0.144 0.0030 49.22 78.8224
22" 0.482 0.288 0.144 0.0030 49.52 79.3130
23* 0.478 0.289 0.143 0.0030 48.94 78.6634
24> 0.481 0.288 0.142 0.0030 48.80 78.4427
25* 0.482 0.290 0.144 0.0030 50.44 80.4262
26* 0.481 0.288 0.143 0.0030 48.75 78.3016

* The design did not obey to the problem constraint
** Optimal solution
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Table 5.6 — Optimization iterative process of the stent built-in Ultrasound-treated AZ91D-1%Ca.

Iteration Horizontal Vertical Strut Average Average  Objective
Strut Strut Thickness Equivalent Residual [-1
Width Width [mm] Plastic Stress
[mm] [mm] Strain [-] [MPa]
Reference 0.300 0.300 0.200 0.0046 52.30 -
1 0.300 0.300 0.150 0.0031 47.36 78.7623
2 0.300 0.300 0.190 0.0043 53.06 96.4117
3 0.360 0.300 0.150 0.0031 47.36 78.7623
4 0.300 0.360 0.150 0.0031 47.36 78.7623
5* 0.300 0.360 0.110 0.0021 40.59 61.8671
6 0.330 0.402 0.130 0.0026 45.11 71.1572
7* 0.371 0.443 0.119 0.0023 42.96 66.2896
8* 0.350 0.422 0.122 0.0025 44,10 69.1510
9 0.319 0.412 0.128 0.0026 44,92 70.7781
10* 0.293 0.401 0.123 0.0025 44.39 69.6469
11" 0.346 0.436 0.124 0.0025 44,11 68.7373
12 0.349 0.451 0.126 0.0025 44.29 69.5657
13* 0.346 0.438 0.119 0.0024 43.21 66.9639
14 0.340 0.447 0.126 0.0025 44.30 69.5739
15% 0.345 0.463 0.121 0.0024 44,38 68.7686
16 0.351 0.431 0.126 0.0025 44.20 69.4615
17* 0.354 0.433 0.125 0.0025 44,10 68.8621
18 0.359 0.438 0.125 0.0025 44.03 68.8520
19* 0.365 0.442 0.125 0.0025 44.03 68.8480
20" 0.360 0.437 0.123 0.0025 44.36 69.5477
21 0.357 0.444 0.128 0.0026 44,93 70.8193
22 0.361 0.437 0.126 0.0025 44.29 69.5574
23* 0.358 0.437 0.125 0.0025 44.05 69.1436
24* 0.358 0.441 0.125 0.0025 44,15 69.2815
25** 0.359 0.438 0.125 0.0025 44.03 68.8520

* The design did not obey the problem constraint
** Optimal solution

The results presented indicate that the influence of the design control variables in the plastic strain and
residual stress was similar for stents modeled using material data from non- and ultrasound-treated alloy.
However, the enhanced mechanical properties exhibited by the ultrasound-treated material enabled the
reduction of the strut thickness of the stent without compromising the individual objectives. Compared to
the initial geometry, the strut thickness of stents modeled using non- and ultrasound-treated mechanical
parameters was reduced by approximately 20.0% and 37.5%, resulting in strut thicknesses of 0.160 and
0.125 mm, respectively. Furthermore, it could be observed that the reduction of the strut thickness was
compensated by the increase in the width of the horizontal and vertical struts, granting the minimization
of the average residual stress and equivalent plastic strain without violating the constraint condition. The
reduction of the strut thickness without loss of radial strength constitutes a significant advance in the field

of biodegradable stents design. Indeed, most degradable devices resort to thick struts to ensure sufficient
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radial support to the blood vessel during the remodeling process. However, as aforementioned, these
high-thickness struts are frequently associated with an increased risk of late thrombotic events and
impaired endothelialization [38].compares the performance of the optimized and reference stent designs

numerically simulated considering non- and ultrasound-treated material.

Table 5.7 compares the performance of the optimized and reference stent designs numerically simulated

considering non- and ultrasound-treated material.

Table 5.7 — Summary of the main results concerning the reference and optimized stents made from non- and ultrasound-
treated material.

Average Maximum Average .
. . . Maximum
. . Residual Residual Equivalent ] .
Material Thickness ] ) Plastic Strain
Stress Stress Plastic Strain [
[MPa] [MPa] [
Non- Ref. Opt. Ref. Opt. Ref. Opt. Ref. Opt. Ref. Opt.

treated 0.200 0.160 56 51 339 335 0.0048 0.0031 0.1357 0.1050
Ultrasound- Ref. Opt. Ref. Opt. Ref. Opt. Ref. Opt. Ref. Opt.
treated 0.200 0.125 54 43 314 295 0.0049 0.0028 0.1248 0.0551

The optimized stent modeled with mechanical parameters acquired from non- and ultrasound-treated
material achieved an average residual stress reduction of 8.1% and 15.5%, respectively, compared to the
reference geometry. The drop in average equivalent plastic strain was more significant, decreasing by
28.4% and 46.0% for stents modeled using the mechanical parameters obtained from non- and
ultrasound-treated material, respectively. Furthermore, the stent volume fraction subjected to high levels
of von Mises residual stress (>100 MPa) was also reduced for both material conditions, despite the
difference being negligible for the stent modeled with mechanical properties of non-treated material
(15.4% vs. 14.9%). On the contrary, the stent modeled with mechanical properties of ultrasound-treated

material exhibited a reduction of about 45.1%, from about 14.2% to 7.8%.

The distribution of the equivalent plastic strain at the fully expanded stent modeled with mechanical

properties of non- and ultrasound-treated material is presented in Figure 5.24.
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(a) (b)

()

Figure 5.24 - Distribution of the equivalent plastic strain at the maximum expanded configuration of the (a,c) reference and

(b,d) optimized stent geometry built-in non-(a,b) and ultrasound-treated (c,d) material.

It is possible to observe that the highest equivalent plastic strain values are found in high-curvature radius
regions for both reference and optimized geometries, regardless of the processing condition. Nonetheless,
the maximum equivalent plastic strain value and the volume subjected to it dropped significantly, the
decrease more significant for the stent modeled with mechanical properties of ultrasound-treated

material, as presented in Table 5.7.

As expected, the distribution of the von Mises stress after stent recoiling (Figure 5.25 ), the highest values
were located in the same areas as the maximum equivalent plastic strain. The design optimization allowed
diminishing the maximum von Mises stress for both stents modeled with mechanical properties of non-
and ultrasound-treated material, which is known to help enhance the mechanical strength of the device

when in service.
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(a) (b)

() (d)

50
0

Figure 5.25 - Distribution of the von Mises stress after stent recoiling of the (a,c) reference and (b,d) optimized geometry

using non-(a,b) and ultrasound-treated (c,d) material data.

By reducing the average equivalent plastic strain and the average residual stress, the optimization process
provided a stent design that could exhibit superior functional performance. Indeed, the minimization of
both parameters reduces stress corrosion and prevents early fracture, which may extend the period during
which the stent can support the artery remodeling process [37]. On the other hand, the superior
mechanical properties granted by the ultrasound treatment allowed a significant decrease in the strut

thickness, which is advantageous from the biocompatibility and endothelialization perspective.

5.5.3. CONCLUSIONS ON THE IMPACT OF MATERIAL DEGRADATION ON THE STENT MECHANICAL
PERFORMANCE
This study assessed the effect of the AZ91D-1.0% Ca degradation due to exposure to an EBSS flow for
48h to 7 days (168 h) on the stent's mechanical strength. The results showed that the stent's mechanical
resistance decreased remarkably as the immersion time increased. Radial force decreased from 6.7N
and 6.9 N for stents modeled with mechanical properties of non- and ultrasound-treated materials before
degradation to approximately 4.3 N and 4.9 N after immersion for 7 days (168 h), indicating progressive
loss of radial support ability. Moreover, the trend observed concerning the evolution of the radial strength

decrease suggests that the considered stent model will likely fail prematurely, which may compromise
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the treatment outcomes. Despite these findings, the stent modeled using ultrasound-treated material
properties has shown promising results as the mechanical resistance deterioration occurred slower than

in the stent modeled using non-treated material data.

Additionally, a design optimization study was performed to find the most suitable stent geometry
considering the minimization of the average residual stress and equivalent plastic strain, as well as the
reduction of the strut thickness. The superior mechanical properties of the ultrasound-treated material
allowed for obtaining an optimized stent geometry with a significantly lower thickness (0.125 mm)
compared with the non-treated one (0.160 mm) without compromising the functional performance of the
device. In fact, the average residual stress was reduced from 52.3 MPa to about 44.03 MPa, whilst the

average equivalent plastic strain decreased by about 46.1%.

5.5.4. SUMMARY AND CONCLUSIONS

Several publications have proven the potential of FEA in predicting the outcomes of the stenting
procedure. In this chapter, four different case studies resorted to this valuable tool to study the influence
of several factors, from the impact of the strategy adopted for balloon modeling to the impact of the

material's properties on the stent behavior before and after degradation, including its design optimization.

In the first case, two different balloon geometries — open- and taper-ended - and two material models —
linear elastic and hyperelastic — were used to study the influence of the balloon modeling strategy on the
outcomes of the stenting procedure. It was demonstrated that the balloon modeling choices little
influenced the expandability of the stent and the maximum stent stress at a fully expanded radius. On the
other hand, the stent expanded profile along its length and diameter was suggested to be affected by the
different deformation behavior exhibited by the balloon due to the geometry and material model adopted.
A hyperelastic balloon with tapered ends was found to be the one that showed the closest behavior to
clinical and experimental results, as it was able to reproduce the balloon protrusion at the stent cells,

which can induce arterial damage.

A different study investigated the effect of the material properties used to model the stent. In this scope,
the stress-strain curves obtained from tensile testing of non- and ultrasound-treated AZ91D-1.0% Ca alloy
were used, and the deployment procedure was simulated. The results showed that by presenting superior
mechanical properties, the stent modeled using ultrasound-treated material properties could achieve a
higher expanded radius than the non-treated one. On the other hand, dogboning and foreshortening
parameters showed similar results for both materials studied, indicating that they are more sensitive to

other factors than the material used. Such a hypothesis was confirmed in a third study, which was focused
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on stent design optimization taking advantage of the unique capability of the microcasting technique of
producing stents with non-uniform cross-section. It was found that by increasing the thickness of specific
stent sections, a more uniform expanded profile could be achieved, which contributed to minimizing
dogboning to values as low as 1.0%. By presenting thicker struts, the stent expansion required higher

expansion pressure; however, the value was still within the acceptable range to prevent vessel injury.

The effect of the deterioration of the mechanical properties on the stent radial strength was evaluated
using the stress-strain curves obtained through tensile tests of non and ultrasound-treated AZ91D-1.0%
Ca after immersion for 48, 72 and 168 h. It was found that the radial strength dropped significantly with
the immersion time, which is compatible with the loss of mechanical properties. This reduction was found
to be more significant for the stent modeled using non-treated material data than that modeled using
ultrasound-treated material properties (35.0 % vs. 28.8 %). These results agreed with the loss of

mechanical properties observed in the tensile tests of the wires subjected to immersion tests.

Finally, an optimization study was performed to reduce the residual stent stress and equivalent plastic
strain during the deployment and the stent strut thickness to improve the treatment outcomes. Also, a
second step was included in the simulation to ensure the stent's ability to withstand the artery recoil
pressure. The enhanced mechanical properties of the ultrasound-treated material enabled the reduction
of the stent strut thickness without compromising the device's functionality. The average residual stress
was reduced by about 15.9 %, while the average equivalent plastic strain decreased by about 46.1% for

the stent modeled using ultrasound-treated properties.

Overall, FEA was confirmed as a unique tool capable of assisting the stent design process, allowing for
the prediction of the stent deployment procedure and enabling its optimization. The results obtained
stressed the potentiality of ultrasound treatment and microcasting techniques for obtaining stents with

superior performance, which is why further efforts must be made to explore such routes.
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CHAPTER 6 — CONCLUDING REMARKS

Today's world presents countless obstacles that can only be resolved through a holistic and
multidisciplinary approach. Particularly in the engineering field, the knowledge acquired in the scope of a
specific subject is frequently useful across several research areas, contributing to significant advances in
a short time span. It is here that doctoral research may find its most significant contribution to science

and, thereby, to society.

Magnesium and its alloys are a popular focus of study and industry. Due to a unique combination of
physical, chemical, and mechanical properties, these materials are appropriate for a variety of
applications, from biomedical devices to aeronautical and aerospace components. Nonetheless, the
processing of magnesium alloys to enhance their properties further is still underexplored, allowing the

potential for the development of procedures that can contribute to this area.

The research work presented in this thesis focused on studying the impact of applying ultrasound
treatment to the AZ91D-1-1.5%Ca magnesium alloy casting, aiming to improve downstream processing
outcomes, namely stent fabrication. Furthermore, finite element analysis was performed to evaluate the
stent performance and to support the design process of a novel stent to be produced through
microcasting, considering the promising potential of ultrasound processing for mechanical properties
enhancement. In this way, a workflow was established between the numerical modeling of the stent

deployment procedure and the processing and subsequent characterization of the material.
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6.1. STUDY CONCLUSIONS

In this section, the main conclusions drawn from the development of this work are presented, seeking to

clearly answer the Research Objectives (ROs) outlined in Chapter 1.

Despite displaying singular characteristics such as an excellent strength-to-weight ratio - especially
interesting for automotive and aerospace applications - and good biocompatibility - a critical property for
biomedical devices — magnesium and its alloys still pose significant challenges concerning their
processing. These materials show high reactivity and flammability, which hinders the casting process. SF
protective atmospheres are widely used to overcome such disadvantages; however, alternatives must be
discovered in the face of increasingly strict environmental regulations. The addition of calcium to
magnesium alloys has been proven to contribute to a significant increase in the material's ignition
temperature, making the casting process more straightforward and safer, the reason why an AZ91D-1-
1.5%Ca was used in this work. On the other hand, the downstream processing of magnesium alloys is
complex due to the combination of the hexagonal compact crystallographic structure with the
microstructural features of these materials. This way, applying ultrasound treatment is a possible route

to overcome such drawbacks by changing the material's microstructural characteristics.

Chapter 3 discloses the effect of ultrasound treatment's continuous application during the solidification
stage of an AZ91D-1-1.5%Ca alloy. The results confirmed the ultrasound's ability to modify the material's
microstructure, significantly refining a-Mg and [-Mg,Al, and AlCa intermetallic phases. To fully
understand the effect of the as-cast microstructure on the dissolution kinetics of the 5-Mg,,Al,, phases,
solution heat treatment was done under varying temperature and time conditions. It has been established
that the initial microstructure, namely the intermetallic size and morphology, plays a crucial factor in heat

treatment outcomes.

The results obtained showed that ultrasound treatment enabled full dissolution of the f-Mg,Al., even when
solution-treated at a lower temperature (385 °C), while coarse particles could still be found in the non-

treated samples after solution treatment at 415 °C for 24h.

By refining the microstructure, the ultrasound treatment accelerated the intermetallic phase dissolution,
contributing to reducing both the temperature and time required and, thereby, allowing energy- and
money-saving. This achievement may be particularly meaningful for severe plastic deformation processes
as previous heat treatment stages are commonly required to reduce the intermetallics, given its

detrimental effect.
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Following solution treatment, aging treatment at 175 °C was performed. The ultrasound-treated samples
displayed enhanced precipitation kinetics, reaching the peak-aging condition after 16 h, while the non-
treated material was suggested not to have reached the peak-aging material under the considered
conditions. Nonetheless, no improvements were observed regarding the hardness and tensile properties
of the material, which may be explained by the low available content of solute to promote precipitation
hardening. This situation may be caused by most aluminum being used to form the highly thermal stable
Al,Ca compound during the alloy solidification, which does not dissolve under the adopted solution
treatment conditions. Despite the poor aging response of the AZ91D-1% Ca (wt.%) alloy, tensile tests
revealed remarkably superior properties of the ultrasound-treated material compared to the non-treated
one. In the as-cast state, the difference in tensile strength was roughly 50.0%, while elongation at break
results were even more impressive. Compared with the non-treated material, ultrasound-treated one could
reach elongation values about 72.0% higher in the as-cast state (1.75 % vs. 3.02 %), and in the solution-

treated condition, it more than doubled it (2.04 % vs. 4.31 %).

The effect of the ultrasound treatment on the corrosion behavior of the AZ91D-1-1.5%Ca alloy was
explored in Chapter 4. Non- and ultrasound-treated ingots were extruded to produce 1 mm diameter
wires which were then subjected to dynamic corrosion tests by immersion in a constant flow of EBSS up
to 168 h. Microstructural analysis revealed that ultrasound treatment could promote microstructure
refinement, an effect that remained noticeable after the extrusion process. In this sense, despite the
tensile strength being comparable, tensile tests showed that wires manufactured from the ultrasound-
treated ingot exhibited significantly higher elongation (21.0 % vs. 16.3 %), which was suggested to result
from the finer microstructure, namely smaller and evenly distributed intermetallic particles. Furthermore,
the tensile properties of the extruded material were remarkably higher than those obtained in the as-cast
condition, although it must be taken into consideration that the alloy composition differed concerning the

calcium amount.

It has been concluded that despite the US-treated samples exhibiting a higher degradation rate than the
non-treated material during the first stages of the immersion tests, this trend shifted for immersion times
from 48 h on. The results showed that microstructure differences underly such behavior. The refined f-
Mg,,Al,, intermetallic phase acted as a cathode and promoted galvanic corrosion that hastened the
material's degradation. Consequently, a layer of corrosion products formed and acted as a barrier that
delayed further corrosion, working for the superior corrosion resistance of the ultrasound-treated material.

The results from the tensile tests of the degraded materials confirmed the suggested hypothesis, given

166



Chapter 6 — Concluding Remarks

that the ultrasound-treated material's mechanical properties decreased at a lower rate than the non-
treated one. Compared with the non-degraded condition, the tensile strength of the non- and ultrasound-
treated material decreased by about 28.0 % and 14.0 % after immersion for 7 days, respectively. Such
results support the hypothesis that ultrasound treatment was able to delay the degradation of the material

by modifying its microstructure, especially the intermetallic phase morphology.

Finite element analysis was used to assess the stent performance during the deployment procedure. Four
different case studies were presented in Chapter 5, aiming at (i) investigating the role of the modeling
strategy adopted on the outcomes of the process, (ii) assessing the effect of the material properties on
the performance of the stent, (iii) optimizing the stent design taking advantage of the unique potentialities
of microcasting process, namely the possibility of producing non-uniform cross-section stents and (iii)
studying the impact of the mechanical properties deterioration on the radial strength by using the stress-
strain curves of the degraded materials immersed in EBSS for 48, 72 and 168 h as input data to the
numerical model; in this case, an optimization study was also performed to minimize the average residual
stress after stent recoiling and the equivalent plastic strain at maximum expansion, along with the
reduction of the strut thickness, whose higher values imposed by the poorer mechanical properties of the
biodegradable materials are associated with severe adverse effects. The superior mechanical properties
of the ultrasound-treated material allowed for a more significant reduction of the strut thickness (from

0.200 to 0.125 mm) without compromising the stent's functional performance.

Overall, this thesis proposes a processing technique strategy based on the application of ultrasound
treatment during the solidification of an AZ91D-1-1.5%Ca to further enhance the microstructural and
mechanical properties of the material. By combining the numerical modeling of the stent deployment
procedure, the potential of this technique for manufacturing biomedical devices was assessed, and its

viability was confirmed.
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6.2. FUTURE WORK

Although this work focused on developing knowledge to be applied in the stents' manufacturing domain,
the results obtained may be valuable for applications beyond this scope. Given the increasingly strict
environmental and energetic policies, magnesium and its alloys will gain even more relevance, especially
in the energy-demanding applications paradigm, due to their outstanding specific strength. The results
presented herein may constitute a starting point for outlining processing strategies to overcome the main
drawbacks of these materials, namely their poor formability at low temperatures and high corrosion rates.
Indeed, the mechanical processing of these alloys frequently demands a previous heat treatment stage
to dissolve the intermetallic phases, which are deleterious for the material's ductility. However, this
previous step leads to a remarkable increase in the time and energy consumed, turning the process
unattractive from an economic and environmental point of view. According to the results reported,
ultrasound treatment can tune the as-cast microstructure and, this way, shorten the heat treatment
duration. Furthermore, the corrosion-resistance properties of these materials also appear to be sensitive

to the effect of the ultrasound, which may be considered encouraging for pursuing further research.

This study suggests that ultrasound treatment may revolutionize the manufacturing framework of
magnesium alloy-based components. Nonetheless, further investigation must be carried on to understand

the potentialities and limitations of such a technique thoroughly.

Optimizing the solution treatment to dissolve the thermally stable Al,Ca intermetallic phase may help
improve the aging response of these materials and their mechanical properties. This modification can be

advantageous for structural applications in the automotive and aerospace industries.

Also, despite the promising results concerning the corrosion-resistance improvement through ultrasound
treatment, further investigation must be pursued to make the most of this ability. In fact, ultrasound-
treated samples displayed a lower corrosion rate. However, it was still too high to be suitable for

manufacturing biodegradable devices.
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6.3. SCIENTIFIC OUTCOMES

The scientific dissemination of the work developed in the scope of the doctoral research is fundamental

and constitutes the recognition of the investigated topic's relevance.

As a result of the investigation pursued, scientific contributions were made in the form of papers published
in international peer-reviewed journals, books, and conference papers. Table 6.1 presents a compilation

of the referred contributions.

Additionally, the main advances were communicated in scientific events, which are summarized in Table

6.2.

Table 6.1 — Scientific outputs in written documents.

Title Type Publication

Shape and functional optimization of ,
) ) International Journal on
biodegradable magnesium stents for ) ]
[1] . _ Journal Paper Interactive Design and
manufacturing by ultrasonic-

Manufacturin
microcasting technique (2018) 8
Effect of the ultrasonic melt
IEEE 6th Portuguese
treatment on the deployment )
_ Conference Meeting on
[2] outcomes of a magnesium stent ) ] )
_ _ Paper Bioengineering
manufactured by microcasting: a
(ENBENG)

finite element analysis (2019)

Numerical ~ Simulation  of the
New Developments on
Deployment Process of a New Stent

Produced b Ultrasonic Computational Methods
[3] , , y Book Chapter and Imaging in
Microcasting: The Role of the _ ,
Biomechanics and

Balloon's  Constitutive ~ Modeling
(2019)
Influence of the Adopted Balloon
Modeling Strategies in the Stent o
(4] N Journal Paper Engineering and
Deployment Procedure: An In-Silico
Analysis (2020)
Ultrasonic Treatment as the Route
[5] for Grain Refinement of Mg-Al Alloys: Journal Paper Metals
A Systematic Review (2021)

Ultrasound-assisted  casting  of

Biomedical Engineering

Cardiovascular

Technology

A791D-1.5%Ca - Shifting T4 ,

(6] , Journal Paper Materials Letters
paradigm for downstream
processing (2022)
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Table 6.2 Dissemination of results in scientific events.

Presentation Title Type Scientific Event
Numerical optimization of the deployment
procedure of a new mag.nesmm. stent 8th World Congress of
[1] manufactured by ultrasound-microcasting: an  Poster ) ,
Biomechanics (2018)
approach to the role of balloon's geometry on the
outcomes of the process
15th International
Numerical simulation of the deployment process Symposium on Computer
2] of a new stent produced by ultrasound- Oral Methods in
microcasting. The role of the balloon's Biomechanics and
constitutive modeling Biomedical Engineering
CMBBE (2018)
Effect of the ultrasonic melt treatment on the IEEE 6th Portuguese
3] deployment outcomes of a magnesium stent Oral Meeting on
manufactured by microcasting: a finite element Bioengineering
analysis (ENBENG) (2019)
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