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Abstract

The number of bone injuries is rising due to several different factors, such as the increase in the elderly
population, the soaring average life expectancy and the growing number of osteoporosis cases. This
has led to research for better solutions for fixing and repairing bone, in general performed by introducing
an implant that may be permanent or temporary.

Bio-inert metals tend to be used as temporary implant materials, which are not ideal as sometimes
a second surgery is needed, for example, due to the appearance of inflammation. This outcome has
prompted research into other materials that could better perform this function and that could degrade
inside the human body, for example, biodegradable materials.

Nowadays, pure iron is one of the most investigated metals for this purpose presenting good
biocompatibility. However, iron presents a higher stiffness than bone, which leads to the stress
shielding effect and shows a slow degradation in the human body. These disadvantages can be
overcome if porosity and topological optimization are used.

The purpose of this dissertation is to mechanically characterize pure iron and numerically evaluate
the corrosion behaviour of this material when in contact with simulated body fluid (SBF) . To do so, the
finite element analysis (FEA) software COMSOL Multiphysics with the Corrosion Module was used. The
results obtained in the simulations were compared with experimental results accomplished by Salama
etal. [1], enabling an evaluation of the accuracy of the models developed. Numerical analysis of corrosion
was performed on simple iron specimens with a parallelepiped closed shape (bulk specimens), and on
porous specimens with parallelepiped shape with a certain distribution of holes. The samples used were
similar to the ones of Salama et al. [1]. Several corrosion parameters were tested and their effect on the
weight loss of samples was evaluated.

Firstly, a mesh refinement was performed to evaluate the convergence of results. Other parameters
were also changed including two different types of boundary conditions, changing the electrolyte
volume, the specimen positioning as well as the duration of the tests. The experimental results of the
bulk specimens allowed developing four different calibrated models, later used on porous iron
specimens. It was verified that the mass loss in the numerical results was always slightly higher than in
the experimental results.

Nevertheless, the previous experimental results were used to tune the parameters of the FEA
enabling a good correlation between simulations and experiments. The simulation data gathered in this
work can be further applied, for example, on the analysis of porous specimens with complex

geometries.
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Resumo

O numero de lesbes 6sseas tem vindo a aumentar devido a varios diferentes fatores, tais como o
aumento da populagao idosa, o0 aumento da esperanga média de vida e o niumero crescente de casos
de osteoporose. Isto levou a investigagdo de melhores solugdes para a fixagéo e reparagao de 0ssos,
em geral realizada através da introdugdo de um implante que pode ser permanente ou temporario.

Os materiais dos implantes temporarios tendem a ser metais bio-inertes, que por vezes nao sao os
ideais, sendo necessaria uma segunda cirurgia para a sua remogao, por exemplo, devido ao
aparecimento de inflamagdo. De modo a evitar a cirurgia de remogao do implante, a utilizagdo de
materiais biodegradaveis, que se consigam degradar dentro do corpo humano tem vindo a ser
proposta.

Atualmente, o ferro puro € um dos metais mais investigados para essa finalidade apresentando
excelente biocompatibilidade. No entanto, o ferro apresenta maior rigidez do que o 0sso, o que conduz
ao efeito de stress-shielding, para além de apresentar lenta degradagdo no corpo humano. Essas
desvantagens podem ser superadas ao conjugar a porosidade com modificagdes topoldgicas.

O objetivo desta dissertagado é caracterizar mecanicamente o ferro puro e avaliar numericamente o
comportamento a corrosdo desse material quando em contato com fluido corporal simulado (SBF). Deste
modo, foi usado o software de analise de elementos finitos (FEA) COMSOL Multiphysics com o Moédulo
de Corrosao. Os resultados das simulagdes foram comparados com resultados experimentais obtidos
por Salama et al. [1], permitindo uma avaliagdo dos modelos desenvolvidos. A andlise numérica da
corroséo foi realizada em amostras de ferro com forma paralelepipédica (amostras bulk), e em amostras
com formato paralelepipedico mas com uma certa distribuicdo de porosidade (amostras porosas). As
amostras utilizadas foram semelhantes as usadas por Salama et al. [1]. Os resultados experimentais
anteriores foram usados para ajustar os parametros do FEA.

Varios parametros do modelo de corrosdo foram testados e o seu efeito na perda de peso das
amostras foi avaliado. Em primeiro lugar foi realizado um refinamento da malha para avaliar a
convergéncia dos resultados. Os outros parametros que foram variados incluiram dois tipos diferentes
de condigbes de fronteira, o volume do electrdlito, o posicionamento da amostra, bem como a duragéo
dos testes. Os resultados experimentais das amostras bulk permitiram a calibragdo de quatro modelos,
que foram posteriormente utilizados com os provetes porosos. Verificou-se que a perda de massa nos
resultados numeéricos foi sempre ligeiramente superior a verificada nos resultados experimentais.

Os resultados das simulagdes obtidos neste trabalho podem ser posteriormente aplicados, por

exemplo, na analise do comportamento a corrosao de amostras porosas de geometrias complexas.

Palavras-chave: simulagdo numérica, corrosao, biodegradabilidade, ferro poroso, propriedades

mecanicas
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Chapter 1

Introduction

Bones in the human body are part of the skeleton that serves as a structure to hold the body. The
relation of the bones to the rest of the body (namely nervous, digestive, respiratory and cardiovascular
systems and the muscles voluntarily activated) shows that the skeleton has three different functions:
support, protection and motion. Comparing the human skeleton to other mammals, the distinctive
feature is the erect posture that, while it has brought the benefit of freeing the arms for a wide variety of
functions, it brought along some mechanical problems, one of the most serious being the weight
bearing [2]. Also, the occurrence of bone fractures is rising due to several causes like osteoporosis and
increased life expectancy, being both dangerous when falls happen. Falls are nowadays the second
main cause of unintentional injury deaths all over the world, where on an annual basis approximately
684000 humans die from falls and 37.3 million are serious enough to need medical assistance.
Concerning specifically children, in the People’s Republic of China, for every death due to a fall, there
are four cases of permanent disability, thirteen cases requiring hospitalization for more than ten days,
24 cases requiring hospitalization for one to nine days, and 690 cases seeking medical care or missing
work or school [3].

When the defect in the bone is irreparable only by biological processes within the human body, any
medical intervention is needed so the bone can regenerate itself back to its healthy condition. Nowadays,
the implants used to help regenerate the bone are usually made of permanent metals (PM): bio-inert
metals that do not trigger any primary response in the host body. However, these type of metals have
associated disadvantages that makes them options that are not 100% ideal, such as the appearance
of long-term inflammation and patient discomfort. So, for about 20 years, research has been about
biodegradable metals (BM) and finding a way of turning them the best option when it comes to bone
implants. Among BM there is iron (Fe), one of the most promising materials for bone fixation. The
difficulty of BM is understanding how they will degrade in the human body and for how long. Taking little
time would be dangerous, as the bone implant would not perform its task for long enough and would put
the recovery of the bone in question. Taking too long would mean that the BM was almost as a PM, and
that the corrosion rate of this biodegradable metal could be improved.

So, apart from investigating about what material offers better performance in medical implants and



testing samples, the finite element method (FEM) can be applied in corrosion problems. Using it, as
long as the models are calibrated for real experimental conditions, makes possible to predict how the
corrosion of the implant will occur, reducing the amount of time, material and capital investment applied
on the investigations, with equal or even better results.

In this context, previous investigation on iron samples had already been made experimentally in
Instituto Superior Técnico (IST) and Instituto Politécnico de Setubal (IPS) by Salama et al. [1]. This work
had the purpose to study and evaluate the degradation evolution and mechanical properties of porous
iron samples with porosities varying between 20 and 30%, having a bulk specimen as control sample.
The Fe samples have undergone chemical degradation by immersion in simulated body fluid (SBF) and
it was found that the topology of porous samples had a strong influence on the iron properties.

The aim of this dissertation is to develop a numerical model for the iron corrosion behaviour in SBF,
and it is validated through the previous experimental work performed by Salama et al. [1]. Prior to Finite
Element Analysis (FEA), a mechanical characterization of iron was performed in order to evaluate the
tensile and compression properties of the material, needed as input in the FEA software.

The present dissertation is structured as follows:

Chapter 1 introduces the motivation and objectives of the dissertation, highlighting the up-to-date
and upcoming problems related to bone damage and subsequent regeneration. It also features previous
experiments performed by IST and IPS researchers, which is the basis of this dissertation.

Chapter 2 introduces the importance of having reliable solutions when it comes to bone implants
and the materials used to do so, with the respective advantages and disadvantages. This chapter also
provides information about the results in a recent paper by Salama et al. [1], which was used as a
reference for the numerical simulations performed in this dissertation. Itis also presented different results
obtained with topologically optimized bone implants, iron-alloys and porous iron. Lastly, a literature
review about the corrosion process and the variables involved is shown.

In Chapter 3, the materials and methods used are indicated, presenting the laboratory equipment
used and what methods were applied to characterize the mechanical behaviour of iron samples. An
introduction will be made to the Finite Element software COMSOL that was used to numerically analyse
the iron corrosion. A sensitivity analysis of the created models is also performed with a simple specimen,
due to the fact that this specimen is simpler than the porous ones.

Chapter 4 highlights the major findings concerning the experimental tests and simulations introduced
on Chapter 3, involving also some conclusions about the several results obtained.

Finally, in Chapter 5, the final conclusions about the work performed on this dissertation are drawn.

Additionally, some remarks for future research are also presented.



Chapter 2

State of the art

2.1 Bone Implants and Grafts

Bones are a complex tissue that constantly goes through dynamic biological reconstruction. Specifically,

there is a process where mature bone is regularly being replaced by new one in order to maintain a

healthy homeostasis, being this the characteristic that makes the bone able to remodel itself to repair

when damaged. Nevertheless, when the defect surpasses a critical size (if a fracture is greater than

30 mm), bone will not heal on its own [4]. Consequently, any kind of medical intervention is needed

so that the bone is helped to eliminate the defect [5, 6], and this surgical trauma (for instance, from an

extraneous bone grafting) can trigger the initiation of bone regeneration [7]. The way that the bone defect

is treated will depend on the patient age, health and the dimensions and place of the damages [8]. The

bone regeneration rate also relays on these factors, and table 2.1 demonstrates the renewal time for

different types of human bone.

Table 2.1: Types of human bone and their healing period [9].

Type of bone

Healing period (Weeks)

Fingers
Clavicle
Scaphoid
Humerus
Distal radius
Radius and Ulna
Pelvis

Femur
Neck of Femur
Tibia
Calcaneus

Toes

4-8
5-7
>10
5-8
3-4
8-12
6-10
8-14
12-24
8-12

6-8




As an example, in a critical zone where the bone has load-bearing responsibilities, there is an
imperative medical need for bone grafts with initial strong mechanical properties [8] of, at least,
bone-like mechanical properties to rectify the damage [10]. The figure 2.1 shows the evolution of

mechanical integrity and corrosion that a bone implant should have.
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Figure 2.1: Relationship between mechanical integrity and degradation rate of bone implants during
healing process [11].

The development of reliable bone implants is a major concern due to the fact that the occurrence of
bone fractures is rising because of several causes, like lack of calcium [12] and increase in the ageing
population. Also, according to International Osteoporosis Foundation, there are more than 8.9 million
fractures every year around the world. It is expected that, around 2050, hip fracture will increase 310%
and 240% respectively in men and in women, when in contrast to the rates in 1990 [9]. So, responding
to these developments, there is a need to increase the life quality of the patients that need extreme bone
recovery. To provide an adaptable fit anatomically and meet the requirements of each patient, perfect

bone implants for fixing bones with load-bearing functionalities should:

1. Fully fit with the complex morphology of the bone damaged zone [13-15];

2. Have suchlike mechanical properties with the patient tissues in order to prevent stress-shielding
[16-18];

3. Bear in vivo biodegradable capacity, at an intermediate rate, to hold the mechanical support
functions while the whole process of regeneration takes part (involving implant deterioration and
bone recovery) [19-21], decrease the chance of infection from long-term implant and reduce the

chance of new surgery [22];



4. Possess a way of enhancing nutrient exchange and vascularization to stimulate the bone
regeneration [13, 20, 23-26];

5. Biocompatible to prevent infections, and ideally osteoconductive [27].

Although there is an extensive research on materials used in load-bearing or permanent implants, the
same is not true for temporary implants where studies are rare, such as the use of this type of implants
to repair bone damage.

Biocompatibility is the ability of being at one with the host body, without causing any harm on it [28].
As already said, a bone scaffold or implant must be biocompatible and non-toxic: cells must stick to
the scaffold, normally operate, breed, divide and generate new matrix [29-31]. Another feature that
comes from the biocompatibility is the bioactivity, which describes the capability of interacting with the
neighbouring organs and tissues [27].

Biodegradable functionality is important to enable the formation of tissue while the degradation of the
metallic scaffold occurs, being the products of this process non-toxic and expelled without hazardous
reaction to the host body. The biodegradation is caused by corrosion processes, indicating accurately the
electrochemical mechanisms of metal wear that begins when the metallic implant is placed in contact with
the human/animal body fluid (in vivo), or its substitute (in vitro) [32], causing variation of the mechanical
strength. Metals with high biodegradation rate tend to be applied in low load bearing applications because
the load must be progressively passed to the recovering bone [33, 34], which would be critical for high

load bearing implants.

2.1.1 Implant materials

Nowadays, several different materials are being researched to use in bone implants from the family of
metals, polymers and ceramics. The latter two groups have revealed adequate biocompatibility and
biodegradability, while also stimulated bone regeneration [35]. Anyway, either polymers, ceramics or
composites have, usually, insufficient mechanical properties to fix a load-bearing bone [36]. However,
recent studies from Backes et al. [37] with 3D specimens made from polylatic acid (PLA), polylatic
acid/hydroxyapatite (PLA/HA) and polylatic acid-g-tricalcium phosphate (PLA/TCP) concluded that
these materials had mechanical properties adequate for bone graft and bone tissue engineering, while
also being biocompatible. Regarding metals, there are two large groups: permanent or
non-biodegradable metals (PM) and biodegradable or absorbable metallic materials (BM), according to
ASTM-F3160-21 [38], standard guide for metallurgical characterization of absorbable metallic materials
for medical implants. Metals turn out to be the better option for bone implants, since they are more

easily found on Earth and are very necessary for the functioning of the human body.

2.1.1.1 Permanent metals

PM or bio-inert bone implants, as the name suggests, are implants that do not trigger any corrosion

reaction on the host body. These are usually made of tantalum, cobalt-chromium-molybdenum



(CoCrMo), Ti6Al4V (one of the most used Ti alloys for medical implants) and stainless steel (SS). All of
them cause stress shielding or stress protection, an effect that happens because although this type of
implant stabilizes the fracture, allows weight bearing and patient mobility, the much higher stiffness
leads to bone loss as a result of reduced physiologic loading of the bone [39-41]. Specifically, what
happens is excessive bone resorption, the process by which the bones are absorbed and broken down
by the body [42].

There are two types of bone: cortical (or compact), and trabecular (or cancelous). Cortical bone
is a dense tissue containing less than 10% soft tissue and forms the external layer of the bones, while
trabecular bone is spongy and is usually found in the interior of the bones [43]. Both types are represented

in figure 2.2.

R /Cortical Bone
M=

Figure 2.2: Cortical and trabecular bone [44].

The Young’s modulus, Y, of the metals usually used in implants and the two types of bone are

represented in table 2.2.

Table 2.2: Young’'s modulus of the two types of bone and the most used PM on bone implants.

Type of material Young's modulus (GPa)
Cortical bone 3-30
Trabecular bone 0.02-2
Tantalum 185

CoCrMo alloys 210

Ti6AI4V 110

Stainless Steel 190

So, to prevent the stress shielding effect, when using the bulk permanent metals, that are simple
iron specimens with a solid shape, the equivalent Y and yield stress need to be reduced. For example,
one of the possible solutions is using implants with porosity [45]. Also, from another point of view, the
permanent nature of these metals may require a second surgery for the implant to be removed. This is
a necessity because sometimes, when it is left in the body for long periods of time, it can start releasing

toxic ions which conduct to bone atrophy and cell death [46], become obstacles to finish the regeneration



of the damaged bone like in the case of teenager bones that are still developing [47], or because it simply

becomes uncomfortable for the host.

2.1.1.2 Biodegradable metals

BM implants are made from metals that progressively corrode or degrade in the body, causing an
appropriate response in the patient to the implantation and resulting corrosion [27]. During this process,
the initial mechanical properties (suitable for load-bearing) should decline over time, so that the bone
can withstand the stresses without being damaged, and in the end the implant can be completely
corroded by the host body. The essential metallic macronutrients that can be used on BM implants and
have been mostly researched are zinc (Zn), magnesium (Mg) and iron (Fe) [32, 48].

Zinc has some advantages when used as a material for bone implants. It has a suitable corrosion
rate and biocompatible corrosion products offering a good level of biocompatibility. Also, it is important
in multiple physiological functions, like being necessary for the function of hundreds of enzymes involved
in diverse physiological processes, such as wound healing and brain development. On the other hand,
Zn also owns many issues. Its mechanical properties are rather lower than the other BM, affecting the
ability to detain load-bearing functions. In addition, it is less biocompatible than Mg and similar to Fe, but
the faster corrosion than Fe makes it more susceptible to cause cytotoxicity in the human cells, and the
excess of zinc is neurotoxic and can impair immune function and delay bone development [49, 50].

Concerning magnesium, its benefits are related with having density and elastic modulus similar to
the bone [51], promoting osteogenesis [52] and presenting very low levels of cytotoxicity [32]. However,
it also has some downsides: 1) it may have traditional manufacturing problems due to its reduced
formability at room temperature [53]; 2) it compromises the bone recovery having a large corrosion
rate, also in conjunction with hydrogen gas release, that only below a certain concentration is tolerable
and does not affect the host [54]; 3) the very low Y when compared to Zn and Fe is an advantage but it
also is problematic, as the large corrosion rate means that the already reduced mechanical properties
will decay rapidly [32].

Finally, as for iron, this metal has the higher hardness, strength and ductility of these three BM,
allowing maintaining proper mechanical properties. Also, iron is very abundant in nature and its
homeostasis (condition of optimal functioning for the organism) is fundamental for bone recovery [55].
Investigations concluded that iron has none or little toxicity in vitro [56, 57] and in vivo [58, 59], and
proper uptake can aid in the formation of osteoblasts, the cells that synthesize bone [60, 61], and
induce platelet activation, essential for the early healing phase of bone regeneration [62]. However,
iron has the disadvantages of having a too slow corrosion rate on the bulk form, its elastic modulus is
far superior than that of bone (which can cause stress shielding), and may prohibit magnetic resonance
imaging because it is ferromagnetic [63], but negligible if the implant mass is very small.

In table 2.3 it is compared some properties of the three BM presented.



Table 2.3: Mechanical properties and maximum daily intake of zinc, magnesium and iron [32, 64—66].

Zinc (Zn) Magnesium (Mg) Iron (Fe)
Youngs' Modulus (Gpa) 96.5 44 200
Tensile Yield Stress (MPa) - 21 50
Ultimate Tensile Strength (MPa) 37 90 540
Maximum Daily Intake (mg) 15 700 10-20

So, when it comes to develop Fe bone implants, the mechanical properties need to be adjusted
trying to match the ones found in the damaged bone, and the degradation rate must be sufficient in
order to not affect the host health. The mechanical properties essential in bone engineering involve
tensile strength, elastic modulus, elongation percentage, fracture toughness and fatigue limit resistance.
As for the corrosion behaviour, the potentiodynamic polarization curves from the electrochemical tests
(immersing the iron in SBF) and the superficial area of the implant is what governs the rate of degradation
that the iron will own. Finding a way of adapting all these properties of an iron bone implant reduces the
chances of having problems associated to an inappropriate corrosion rate (being close to a PM or too
fast, like Mg), stress shielding, osteopenia surgery-derived and consequent re-fracture [29, 30, 67, 68].
Some of the existing options to turn iron into the perfect material for bone implants are using topology
optimization, including porosity or alloying with other metals.

Several methods can be used to increase the degradation rate of iron, as it is the main problem
in using iron for bone implants. An adequate lifespan for biodegradable implants should be between
several months and several years [69], that would translate in a corrosion rate of 0.25-1 mm/year or a
lifespan of 0.5-2 years, for a porous scaffold with an interconnected porous structure and a wall thickness
of approximately 500 pm, suffering uniform corrosion. Although, it was verified in Schinhammer et al.
[70] and Capek et al. [57] that pure iron has a corrosion rate of approximately 0.1 mm/year. So, to
increase the degradation rate of Fe several different methods could be carried out, such as adding
alloying elements, modifying the surface properties, and using porous structures. When entering the
field of porous structures, the relative density and the definition of porosity need to be introduced, and
they are related to each other. The relative density links the weight of a certain part or material to the
weight it would have if it was completely solid, and it is usually represented by 5. Porosity, P, is defined

by the relative density, with the following equation:

P=100-7 (%) (2.1)

2.2 Iron applications on implants

In this section, some solutions developed in recent years for the high mechanical properties and slow
corrosion rate of pure iron will be presented. The common objective in the alternatives met was,

generally, to meet similar mechanical properties to the ones of bone present in table 2.4.



Table 2.4: Mechanical characteristics of human bone [71].

Cortical bone

Density/g-cm ™ ~15-2
Porosity/% ~3-12

Load direction Strength/MPa Modulus of elasticity/GPa
Compressive properties Longitudinal ~190-245 ~14-28

Transverse ~30-170
Tensile properties Longitudinal ~130-190 ~7-25

Transverse ~40-60

Trabecular bone

Density/g-cm 0.2-06
Porosity/% ~30-95

Strength/MPa Modulus of elasticity/GPa
Compressive properties ~1-12 ~0.1-04
Tensile properties ~2 ~-6-14

Regarding the choice of using metal alloys, Capek et al. [71] proved that alloying Fe with paladium
(Pd) influences the corrosion behaviour, enhancing the corrosion rate of iron-based alloys. The alloy
developed, FePd2, was produced by three different processes: casting, mechanical alloying and spark
plasma sintering (SPS), and mechanical alloying and space holder technique (SHT).

The SPS procedure is a pressure-assisted process where the powder samples are loaded in an
electrically conducting die and sintered under a uniaxial pressure, where it is applied a high-intensity,
low-voltage pulsed current. It makes possible sintering at low temperatures and in short periods, by
charging the intervals between powder particles with electrical energy and effectively applying a high-

temperature spark plasma [72]. A representative scheme of the process is presented in figure 2.3.
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Figure 2.3: Representative scheme of SPS manufacturing process [73].

SHT is a process used to achieve high levels of porosities in a part. It is a simple strategy where
the space holders are mixed with the metal powder and then are pressed, and the process may be cold
or hot. It is important that the space holders do not react or change during the process, and they must

withstand without deforming the pressures applied during the process. Finally, the space holders are



removed, leaving open interconnected pores, and after that the resulting porous material goes through

a furnace sintering [74]. A representative scheme of the process is presented in figure 2.4.
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Figure 2.4: Representative scheme of SHT manufacturing process [74].

The mechanical properties obtained in Capek et al. [71] are presented in table 2.5.

Table 2.5: Compressive Yield Stress and Ultimate Compressive Strength of the prepared materials

[71].
Compressive Yield Stress (MPa) Ultimate Compressive Strength (MPa)
Casted Fe 73.0+4.5
Casted FePd2 279.4£5.7
SPS Fe 765.4 £23.2
SPS FePd2 845.8 +£35.3
Highly porous Fe 10.1+2.1 12.0+2.4
Highly porous FePfd2 14.7+1.6 20.8+2.6

The last process identified was the one that presented higher porosity, therefore it was where the
lowest mechanical properties were found, having compressive properties similar to the human trabecular
bone, found on table 2.4. The low mechanical properties can be explained by the fact that the pores acted
as stress concentrators. Also, the corrosion rates obtained with the SHT process were the highest of
the three different methods, explained by the large contact area between the materials and the corrosion
environment, being approximately 0.7-1.2 mm/year.

Capek et al. [71] also studies the cytotoxicity of the developed alloys in vitro, that is when a substance
or process results in cell damage or cell death. In this study by Capek et al. [71], the cytotoxicity is
evaluated measuring the metabolic activity of L929 cells that are mouse fibroblasts, used for the testing
of cytotoxic properties due to their reproducible growth rates and biological responses. These cells are
also recommended by international standards for the testing of medical devices on account of the ease
to control cell culture conditions [75]. According to ISO 10993-5 standard [76] if the metabolic activity is
above the limit of 70% the substance is considered cytocompatible, otherwise it is considered cytotoxic.

In Capek et al. [71] it was verified that the cast alloys were not cytotoxic, but undiluted extracts of
the highly porous FePd2 alloy created with SPS and SHT processes presented cytotoxicity due to the
much higher corrosion rates. However, this alloy could be tolerated in vivo due to the fact that iron and

its alloys present much lower corrosion rates in this condition when compared to in vitro. Moreover, the

10



authors measured the concentration of Fe and Pd in the extracts, and the concentration of Paladium was
negligible when compared to that of iron concluding that if there was cytotoxicity, it would be caused by

Fe. The results of the cytotoxicity tests are presented in figure 2.5.
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Figure 2.5: Metabolic activity of L929 cells after 1 day incubation with concentrated and diluted (50%
and 25%) extracts of tested samples. According to ISO 10993-5 standard [76], the dashed line
indicates the cytotoxicity limit of 70% [71].

A previous work by the same authors [57] studied the cytotoxicity of pure Fe while studying the
cytotoxicity of Fe-Mn alloys and concluded that pure iron is non-toxic, as the metabolic activity of L929
cells in Fe extract was the same as in the control (sole cultivation medium). This metabolic activity test
proves that FePd2 alloy would not cause cytotoxicity due to iron concentrations. The cytotoxicity study

in Capek et al. [57] is presented in figure 2.6.
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Figure 2.6: Metabolic activity of L929 cells after 1 day of exposition to the extracts (100% undiluted and
50% diluted extract) compared to the control (sole cultivation medium). Black line indicates the
cytotoxicity limit of 70% according to ISO 10993-5 standard [57, 76].

Resuming, highly porous FePd2 produced with SHT was concluded to be a worthwhile alloy to use in
bone augmentations due to the promising corrosion rate, as an implant with a diameter of 5 mm would
completely degrade after about five years. Using the SPS technology could be also a possibility, because
while the specimens possessed a lower corrosion rate, the implants could be thinner due to the superior

mechanical properties and so the degradation rate could be sufficient.
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Alloying iron with manganese (Mn) also influences the corrosion behaviour and would decrease the
corrosion potential of iron, enhancing the corrosion rate in dynamic environments, where the conditions
of a human coronary artery with blood running are simulated [71]. Hermawan et al. [77] produced, via a
powder metallurgy route followed by cold rolling and resintering cycles, four different Fe-based alloys with
20-35 wt.% manganese: Fe20Mn, Fe25Mn, Fe30Mn and Fe35Mn. These alloys corroded at an average
rate up to approximately 520 um/year, about two times the corrosion rate of pure iron, that is 220-240
pm/year. Also, table 2.6 shows the mechanical properties of these specimens produced compared to
the properties of the stainless steel SS316L, the reference material for coronary stents.

Table 2.6: Properties of Fe-Mn alloys compared to SS316L. Values in parenthesis refer to the
specimen properties after it has been subjected to 20% of plastic deformation [77].

Material Nominal main composition Phase at Magnetic susceptibility® Yield (0.2%) strength Ultimate strength Maximum elongation
(wt%) Troom (pm*kg ') (MPa) (MPa) (%)

Fe20Mn 20 Mn Y+e 0.2 (1.1) 420 700 8

Fe25Mn 25 Mn Y+e 0.2 (0.2) 360 720 5

Fe30Mn 30 Mn v 0.2 (0.2) 240 520 20

Fe35Mn 35 Mn ¥ 0.2 (0.2) 230 430 30

SS316L 18 Cr, 14 Ni b 0.5 (1.7) 190 490 40

The table 2.6 also presents the magnetic susceptibility of the iron-alloys and stainless steel. The
magnetic susceptibility is the magnetic response to a magnetic field of a certain substance, and can
lead to signal loss and local magnetic field inhomogeneities. The alloys possess an antiferromagnetic
behaviour, giving the same non-magnetic nature as that of SS316L, thus there would no longer exist the
problem of iron implants prohibiting magnetic resonance imaging.

Lastly, cell viability tests were performed to analyse the cytotoxicity levels of the alloys developed,
but this time with 3T3 fibroblast cells (an alternative to L292 cells, with the same principles), and are
represented on figure 2.7. The variation of the manganese quantity in Fe-Mn alloys did not influence
much the relative metabolic activity, probably related to the fact that cell viability test only lasted 48

hours.
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Figure 2.7: Relative metabolic activity of 3T3 fibroblast cells in presence of Fe-Mn alloys powders with
different manganese content [77].

To summarize, the Fe-Mn alloys developed by Hermawan et al. [77] degraded approximately two

times faster than pure iron, while also were cytocompatible as the iron and manganese released to the
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solution was reduced and did not affect drastically the metabolic activity. So, it was concluded that the
study demonstrates the potentiality of Fe—Mn alloys to be a BM.

When it comes to reduce the degradation rate and mechanical properties of iron, several researches
showed that using topology optimization and porous structures obtained good results [1, 23, 78-80].

Using topological optimization of additively manufactured (AM) porous biomaterials can replicate the
mechanical properties of bone. Doing so, the cell proliferation and differentiation are facilitated, while
enhancing regeneration of the bone tissue. Recent studies shown that the bone substitutes must exhibit
high porosity levels in order to facilitate cell viability and nutrient perfusion.

Wang et al. [23] developed an iron-matrix composite with calcium silicate (CS) bioceramic as the
reinforcing phase using powder metallurgy processes. This bioceramic was the one chosen amongst
other calcium phosphate-based bioceramics like HA and TCP because CS has superior biodegradability
and bioactivity and it has the simplest chemical composition of the three.

Comparing to pure iron, the composites possessed decreased compressive and bending strengths
as represented in figure 2.8. The decrease in the compressive strengths can be due to the brittle nature

of CS and its large amounts in the composite.
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Figure 2.8: Mechanical properties of Fe and Fe-CS composites with different percentages of CS: (a)
compressive strength; (b) bending strength [23].

In human compact bone the compressive strength is in the range of 130 to 240 MPa [81] and the
bending strength is from 103.5 to 225.0 MPa [82], meaning that some of the composites developed are
adequate to repair bone damage in load-bearing locations. Namely, Fe-20CS and Fe-30CS are ideal for
this application because their compressive strength and bending strength are greater than that of bone.

Regarding the corrosion behaviour, figure 2.9 represents the degradation rates of Fe-CS composites
compared with pure Fe after an immersion test in SBF. Both type of materials kept the structural integrity
over the whole period after one month. For the Fe-40CS composite, the degradation rate was almost 8
times that of iron, however this type of specimen should not be used to the lack of mechanical properties.
So the Fe-30CS composite was the iron-alloy that shown a better performance for bone implants, since

it is the one with sufficient mechanical properties and higher corrosion rate.
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Figure 2.9: Degradation rates of pure Fe and Fe-CS composites [23].

These Fe-CS composites also shown good cytocompatibility behaviour, as all the specimens
supported the proliferation of cells, and Fe-20CS even exhibited a higher stimulatory effect than pure
Fe.

Feng et al. [83] developed porous Fe-30Mn6Si1Pd alloys with different weight percentages of NaCl
(none, 10%, 20% or 40%) to obtain different levels of porosity. The mechanical properties of the alloys
before and after being immersed were measured using nanoidentation with a Berkovich indenter, an
adequate technique to obtain mechanical properties of bulk materials and films, including porous. Rother
et al. [84] compared the Berkovich indenter with the more known Vickers indenter experimentally with
different materials, specifically silver, aluminium, gold, nickel and titanium. It was concluded that for the
hardness values obtained with the two indenters were equivalent. The two indenters are shown on figure
2.10. Also, the values of the reduced Y, Y., and Berkovich hardness, H, of Fe-30Mn6Si1Pd-20%NacCl

through time are represented in figure 2.11.

(@) (b)

Figure 2.10: Indenters geometry: (a) Berkovich; (b) Vickers [85].

45

40

35

Y, (GPa)
H (GPa)

30

254

0 7 14 30 0 7 14 30
Immersion time (day) Immersion time (day)

(a) (b)

Figure 2.11: Fe-30Mn6Si1Pd-20%NaCl mechanical properties in function of immersion in time: (a)
reduced Young’s modulus; (b) hardness [83].
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Observing the evolution of Y, and H through time, it can be stated that the increase in both of these
properties should be due to the harder and stiffer nature of the products of the corrosion process that
start filling the pores of the specimens. However, with long periods of time, the alloy and the corrosion
products start losing their integrity, causing a decrease in Y, and H. The final ;. of the alloys were always
recorded being closer to 20 GPa after the corrosion processes, being close to the value of human bones
(3-7 GPa). With this, the stress shielding problems are excluded. Consequently, this feature causes
good biomechanical compatibility.

On corrosion behaviour and mechanisms, the electrochemical data is presented in table 2.7, where
are tabulated the values of average current density (iquerage), COrrosion resistance (R,) and corrosion
potential or equilibrium potential (E.;). The values were taken out from the polarization curves, in the
case Of iqyerqge @aNd E,q, or measured experimentally, in the case of R,,. For further understanding, these
concepts will be introduced in Section 2.3, where the literature review related to corrosion processes
necessary for this dissertation is introduced.

Table 2.7: Electrochemical data calculated from the potentiodynamic polarization solution at 37 ° C,
adapted from Feng et al. [83].

Wt.% NaCl st YT ) Ry, (Q.cm?) Eeq (V vs. SCE)
Fe-30Mn6Si1Pd 1.865x10° 28380 -0.706
Fe-30Mn6Si1Pd-10NaCl 4.466 x 10° 21390 -0.737
Fe-30Mn6Si1Pd-20NaCl 2.918 x 10° 12570 -0.795
Fe-30Mn6Si1Pd-30NaCl 4,191 x10° 11820 -0.846

Average current density can be used to evaluate the kinetics of a corrosion process because they
are usually proportional. So, looking at table 2.7, the alloys are in order from the lowest to the highest
corrosion rate, top to bottom.

For a global measurement of the potential cytotoxicity, cell viability and proliferation were both taken
into account, where another type of cytocompatibility evaluation cells, the human osteosarcoma cell line

Saos-2 cells, were used. The results are shown on figure 2.12.

Cell viability

Cell proliferation

140 600

— CC
- mcC 500

m 0%NacCl — 0%Nacl

— 10%NaCl
— 20%NacCl
—— 40%NaCl

400
M 10%NacCl
W 20%NacCl 300

W 40%NacCl

% of living cells
—

200

fluorescence intensity (a.u.)

100

10d 1d 3d 7d 10d
(a) (b)

Figure 2.12: Saos-2 cells during 10 days of culture with conditioned media: (a) Cell viability; (b) cell
proliferation [83].
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The conclusions obtained by Feng et al. [83] were that the bulk specimen Fe-30Mn6Si1Pd-0%NacCl
is not cytotoxic neither in cell viability not in proliferation, the intermediate specimens Fe-30Mn6Si1Pd-
10%NaCl and Fe-30Mn6Si1Pd-20%NaCl cannot be considered cytotoxic according to ISO 10993-5 [76],
and Fe-30Mn6Si1Pd-40%NaCl is cytotoxic. The major conclusion in this parameter is that the higher
corrosion and ion release from specimens possessing high porosity can compromise the biocompatibility
of the specimens.

Sharma and Pandey [78] developed specimens to evaluate the influence of porosity on the corrosion
behaviour of porous iron scaffolds, using a new process based on amalgamation of 3D printing and
pressureless microwave sintering. Two different types of specimens were designed: random porous
iron scaffolds (RPIS) using only the microwave sintering where the random porosity is attributed to the
absence of pressure during the process, and topologically ordered porous iron scaffolds (TOPIS) using
both microwave sintering and 3D printing. Porous Fe scaffolds with predesigned topologically ordered
interconnected porous structure were developed, to evaluate the influence of inter-connected porosity.

The computer-aided design (CAD) of these designed porous structure is presented on figure 2.13.

Figure 2.13: Designed CAD model of TOPIS samples. In detail, the three levels of porosity with the
pore size of 1.0, 1.25 and 1.5 mm [78].

Additionally, later in 2019, the same authors published another article [86], continuing the previous
work [78], designing new specimens of TOPIS type with new unit cell structures, and with all RPIS and
TOPIS having higher levels of porosity. The new interconnected unit cell structures for TOPIS samples
were three and are represented in figure 2.14, with a range of porosity from 45.63 to 86.90 %. The RPIS
had a range of porosity of 12 until 53 %. The porosity level in the new RPIS and TOPIS was attributed

to the scaffolds as in Sharma and Pandey [78].

(@) (b) (c)

Figure 2.14: CAD model of unit cell structures used for preparation of TOPIS samples: (a) cubic; (b)
truncated octahedron; (c) pyramid shaped [86].
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Electrochemical tests were performed for every specimen in the RPIS group, immersing the samples
in SBF at 37 ° C. The results of these tests are on table 2.8. In the table are E,, measured in milivolts
with saturated calomel electrode, SCE, as a reference electrode, the i,,¢rq4e NOrmalized with the surface
area of the samples and measured in microampere per square centimeter, and lastly the corrosion rate,

measured in thickness, in mm, corroded per year.

Table 2.8: Corrosion parameters for RPIS samples in prepared SBF solution at 37 ° C determined
using Tafel analysis, adapted from Sharma and Pandey [86].

Porosity (%) Eeq (mV vs. SCE) laverage (A/cm?) Corrosion rate (mmpy)
12.20 -595.2 +28.3 27.46 £3.10 0.275+0.04
16.83 -608.9+22.1 42.96 +3.34 0.501 £ 0.04
21.06 -638.9+20.3 52.99+1.44 0.615 +0.03
26.10 -684.1+£16.3 64.82 £ 0.91 0.753 £ 0.02
29.80 -693.6 £18.4 65.51+1.20 0.760 £ 0.03
35.10 -725.3+33.2 80.21 £2.23 0.932+0.10
39.60 -737.6 £36.1 83.97 £ 0.61 0.980 £ 0.10
44,01 -761.1+29.4 85.30+4.11 0.991 +£0.20
49.20 -704.1+35.4 83.41 +1.82 0.969 £ 0.10
53.20 -731.1+40.1 83.78 £2.42 0.962 +0.14

As for the RPIS, electrochemical tests were performed for the specimens in the TOPIS group, with

the same experimental method. The results of these tests are on table 2.9.

Table 2.9: Corrosion parameters for TOPIS samples in prepared SBF solution at 37 ° C determined
using Tafel analysis, adapted from Sharma and Pandey [86].

Porosity (%) Eq (mV vs. SCE) {average (A/cm? ) Corrosion rate (mmpy)
45.63 -759.6 +31.1 193.34 +3.22 1.640 +0.04
50.79 -706.5+28.4 170.00 +4.13 1.474 £ 0.10
54.89 -747.1+21.2 135.10 £ 2.20 1.191 +0.03
59.99 -690.7 £ 24.3 115.87+2.51 1.031+0.02
71.89 -691.2+19.1 87.75+1.40 0.795 +£0.02
80.97 -668.6 + 18.0 73.34+2.01 0.710 £ 0.04
86.9 -684.7+15.4 62.95+1.52 0.625 +0.02

These results obtained in the most recent article by Sharma and Pandey [86] were similar to the
results obtained in the older one Sharma and Pandey [78], with conclusions being added to the results
for specimens with higher porosity levels. Looking at tables 2.8 and 2.9, some conclusions can be taken:
1) in RPIS, with the increase in the microporosity, the corrosion rate increases, due to the increase in
the exposed surface of the specimens and the increased susceptibility to pitting corrosion; 2) higher
levels of microporosity lead to a higher interconnectivity and greater size of the pores, so fewer sites
for pitting corrosion would exist due to the free flow of the SBF solution; 3) the same reasoning of the
last point is applicable to TOPIS, so an adequate arrangement of random microporosity and designed

macroporosity is required for successful application of pure iron scaffolds in biodegradable implants.

17



These consequences cause the iron to have a greater loss of mass in the same period of time.
Investigations reported in Li et al. [79] verified that functionally graded porous structures, never
produced until then, exhibit enhanced strength, ductility and energy absorption ability when compared
with uniform porous structures. The denominations of the different types of specimens based on a 1.4
mm diamond unit cell includes a uniform structure with a 0.2 mm strut thickness (S0.2), a functionally
graded porous structure with a strut thickness changing from 0.2 mm on the periphery to 0.4 mm in the
center (Dense-in), a functionally graded porous structure with the strut thickness starting from 0.4 mm
on the periphery and decreasing to 0.2 mm in the center (Dense-out), and a uniform porous structure
with a strut thickness of 0.4 mm (S0.4). The samples were produced using selective laser melting
(SLM), a powder bed-based technique of AM. The process is started layering a 3D drawing based on
the defined layer thickness. Then, a roller pushes the powder to the substrate plate with the layer
thickness previously defined, and the selected areas from the layering process are melted with a
high-power laser, fusing the powder together. To avoid impurities in the part being produced, the
chamber is filled with an inert gas like nitrogen or argon [87]. A schematic of the SLM process is shown

on figure 2.15.

LASER SYSTEM
ENCLOSED
. CHAMBER
.
ROLLER POWDER _— LASER BEAM
| PARTICLE ¢«
POWDER A "\ BUILD
DELIVERY

™ PLATFORM

Figure 2.15: Schematic of the selective laser melting process [87].

SYSTEM —_

These four types of samples, direct printed using SLM are represented in figure 2.16.
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Figure 2.16: Longitudinal and top views of the CAD models of: (a) S0.2; (b) Dense-in; (¢) Dense-out;
(d) S0.4 [79].

The specimens designed by Li et al. [79] had the weight loss and the mechanical properties before

degradation presented in table 2.10.

Table 2.10: Mechanical properties and weight loss of the SLM produced samples [79].

Weight loss (%) Compressive Yield Stress (MPa) Youngs' Modulus (GPa)
S0.2 16.7 £3.3 10.7+0.4 09+0.1
Dense-in 8.9+0.4 329+1.6 1.8+0.1
Dense-out 10.3+0.3 30.5+0.3 1.8+0.0
S0.4 5.1+0.9 53.1+0.9 2.8+0.1

Overall, an increase in the porosity caused a faster weight loss, and the mechanical properties after
four weeks under immersion in simulated body fluids were adequate for implants. The stress-strain

curves of uniaxial compression before and after the biodegradation tests are presented in figure 2.17.
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Figure 2.17: Mechanical properties of the AM porous iron specimens before and after biodegradation
for 28 days: stress-strain curves (a) before biodegradation; (b) after biodegradation [79].

Also, the results shown that, in all of the AM porous iron specimens, the Y was 0.5-2.1 GPa and the
yield stress was 8-48 MPa, being those similar values to the trabecular bone (see table 2.4).
Cytocompatibility tests in Li et al. [79] were performed using extracts from different types of iron

scaffolds developed and put into comparison to a control of extracts from bio-inert Ti-6Al-4V. The results

are presented in figure 2.18.
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Figure 2.18: Relative cytocompatibility, in percentage, of different iron scaffolds against titanium
controls: (a) S0.2; (b) Dense-in; (c) Dense-out; (d) S0.4 [79].

The results from figure 2.18 were put into the table 2.11.
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Table 2.11: Relative cytocompatibility (%) of different iron scaffolds against titanium controls, after 24,
48 and 72 hours [79].

Relative cellular activity (%) after

24h 48h 72h
S0.2 77.8 63.8 42.6
Dense-in 79.2 65.8 46.5
Dense-out 82.2 66.4 50.0
S0.4 86.5 68.8 46.1

Figure 2.18 and table 2.11 shown that a 24 hours test lead to a cytocompatibility higher than 75% (non-
cytotoxic) for all the specimens. After 48 hours, only S0.4 remained at almost 70% (limit of cytotoxicity)
and it did not significantly differ from the Ti-6Al-4V controls; however, all specimens extracts revealed
cellular activity higher than 63%, considered slightly cytotoxic. Lastly, after the 72 hours extraction, three
of the four specimens were considered moderately cytotoxic, with a cellular activity lower than 49%.
Moreover, with in vitro condition the released ions can accumulate and result in high concentrations, and
when in vivo are quickly diluted, reducing the chances of happening cytotoxicity. Lastly, it was found that
graded porous scaffolds produced with AM processes resulted in high cell seeding efficiency and in an
acceleration of the bone deformity regeneration.

Salama et al. [1] confirmed that increasing the porosity amount causes lower mechanical strength,
and that the topological design also had influence on specimens’ mechanical properties and on the
biodegradation behaviour.

Three different porous samples that were designed and manufactured in iron in Salama et al. [1] are
shown in figure 2.19. Bulk specimens were also submitted to a corrosion analysis. The external
dimensions and porosity of all the specimens are presented in table 2.12. The designation of the
specimens means that they have bidisperse holes with different dimensions (2 and 4 mm diameter

holes) and the percentage in the end of the name indicates the porosity of the specimen.

(a) (b) (c) (d)

Figure 2.19: Iron specimens: (a) Bulk; (b) A4_2_20%; (c) Ad4_2_23%; (d) A4_2_30% [1].
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Table 2.12: Specimen dimensions.

Designation External Dimensions (mm) Porosity (%)
Bulk 23.55x9.65 x5 -
Bidisperse A4_2_20% 44 x 18 x 5 20
Bidisperse A4_2_23% 44 x 18 x 5 23
Bidisperse A4_2_30% 44 x 18 x 5 30

For the in vitro immersion tests, SBF solution was prepared according to Kokubo and Takadama
[88], and the immersion tests were performed at 37 °C + 1 ° C to evaluate the degradation behaviour,
principally the weight loss. The porous samples were separately immersed in 50 mL of SBF solution and
had two different experimental methods: 1) the solution was replaced every 7 days until 28 days, and
on the method 2) the Fe specimen experiences a continuous corrosion until six weeks (42 days). The
bulk specimens only were submitted to a 28 days experiment, with mass analysis and SBF replacement

every 7 days. The experimental process is schematized in figure 2.20.

42 days

28 days
experiment

experiment

Phased analysis Continuous analysis

0 7 14 27 0
v ¥ ¥ ¥ ’
7 14 21 28 42

Figure 2.20: Procedure of the experimental corrosion tests in Salama et al. [1].

After the corrosion test, the Fe samples were rinsed with deionized water, and dried. Then, the weight
loss was evaluated, and it is presented in figure 2.21. It was concluded that the weight loss increased

with immersion time. For the period of 42 days, the weight loss was different for samples with different

I i

42 Days

porosity, but no significant difference was observed.

Fe weight loss (mg)

0 7 14 1 28 35

Immersion time (Days)

Figure 2.21: Porous iron weight loss as a function of SBF immersion time, in Salama et al. [1].
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The specimen’s stiffness was tested through a three-point bending (3PB). The experimental results
of the stiffness values for the bidisperse specimens before and after the immersion tests are shown on
table 2.13.

Table 2.13: Experimental results for 3PB tests of samples before and after immersion in SBF solution:
stiffness K, adapted from Salama et al. [1].

K (N/mm)
Arrangement
Initial 28 days 42 days
Bulk 12.3x 10° - -
A4 2 20% 11.1x 10° 11.2 x 10° 9.9 x10°
A4 2 23% 9.0x 10° 9.4x 10° 8.2 x10°
A4 2 30% 8.8x10° 5.2x10° 5.4 x10°

It was concluded that lower porosity samples show a decrease of stiffness with the increase of the
immersion period, and that higher porosity samples exhibit a decrease in stiffness equal for 28 and 42
days, that is, independent of the immersion period. Summing up, the amount of porosity affects the

degradation behaviour of samples evaluated by 3PB tests.

2.3 Corrosion

Since this dissertation involves mechanical characterization of iron combined with FEA to predict the
corrosion behaviour of Fe in contact with SBF, some concepts and variables of corrosion processes
need to be introduced. In figure 2.22 it is presented the uniform corrosion process of iron, in the specific

case of this dissertation, when in contact with SBF.

Solution
(SBF)
\  Fefor), || Fe(OH), /
_ T FBE' — B -
0, » HO | B 0, > HO

1/

Cathode \ f Cathode

Anode
\/ Iron Part u

e e

Figure 2.22: Uniform corrosion process of iron, adapted from [89].

The SBF serves the purpose of simulating blood and, in this case, simulating the corrosion caused
by it. SBF is one in a large amount of physiological solutions already created, for example, Ringer’s
solution, Hanks’ Balanced Salt Solution, 199-medium, revised-SBF and modified-SBF. The SBF and its
derivative evolutions are the ones that presented better results [90].

The following sections serve to elaborate and explain some topics of this branch of physics and
chemistry, specifically about what physical properties influence the corrosion rate in this corrosion

process.
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2.3.1 Electrical conductivity

The electrical conductivity, x, is one of the important parameters in corrosion, and it is the reciprocal
process of electrical resistivity. It measures the ability of a certain material to conduct electrical currents.
Higher levels of conductivity make an environment more corrosive [91]. According to Magyari et al. [92],
x of SBF varies through time as shown on figure 2.23. The values of x in the figure are related to the
samples used to measure the SBF electrical conductivity used by Magyari et al. [92], with the chemical
composition (80-x)SiO,.20Al;,03.xFe;O5. The value of x can be 5, 10 or 15, being referred to the value

of the samples mol%.
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Figure 2.23: Electrolyte conductivity values in Magyari et al. [92].

2.3.2 External Electric Potential

The external electric potential is the voltage that is constantly applied on the specimen boundaries that are
in contact with the electrolyte. Also, the concept of open circuit potential (OCP) needs to be introduced,
that is the potential between the working electrode (in this case, Fe) and the environment (the SBF), with
respect to a reference electrode [93], when there is no external load applied. According to the graphic
presented in Wagener et al. [94], shown on figure 2.24, the OCP obtained with a reference electrode of
silver chloride (Ag/AgCI) with pure iron on SBF is -0.68 V. The Ag/AgCI reference electrode differs from
the SCE reference electrode used in other works [71, 78]. This results in a OCP for SCE that had the

value -0.636 V.
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Figure 2.24: OCP vs. time graphic in Wagener et al. [94].
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2.3.3 Polarization curves

According to Fontana [95], polarization curves, or Tafel curves, are plots of the current, i, needed to
maintain the metal (working electrode) at the applied potential, E, for a specific electrode-electrolyte
combination, or the voltage (V) output for a given current density (current per superficial area, A/m?).
To obtain this polarization curves, it is necessary to perform an electrochemical analysis. According
to Fontana [95], the schematic diagram presented in 2.25 represents a simplification of an electric circuit
that could be used to obtain a polarization curve. However, further explanation of a fully working electric

circuit that could generate an accurate polarization curve is available in Legault and Walker [96].

i

Electrometer

Potentiometer

Figure 2.25: Electric circuit to perform an electrochemical analysis [95].

The procedure to obtain the polarization curve with the equipment shown on 2.25 is described as
follows. The metal sample is defined as working electrode W.E., and the current is supplied by means
of an auxiliary electrode Aux., being this of some inert material, like platinum. The current is measured
with an ammeter A, and the potential of the working electrode is measured in relation to the reference
electrode, using a potentiometer-electrometer circuit. Reducing the value of the variable resistance R, the
current is increased. Then, the potential and current at different settings are simultaneously measured,
obtaining the polarization curve [95].

This type of plot gives two very important properties, that are the igyerqqe and the E.,.

The SBF made with the processes from Kokubo and Takadama [88] had already been put in
contact with iron in Sharma and Pandey [78], where an electrochemical analysis was performed and a
polarization curve between the electrolyte SBF and the electrode pure Fe was created. In the present
work, polarization curves by two different authors were used, one achieved by Sharma and Pandey [78]
and the another obtained by Capek et al. [71]. However, this second polarization curve was obtained
with a SBF created with a different process from the one used by Salama et al. [1] and Sharma and

Pandey [78]. The two polarization curves are shown on figure 2.26.
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Figure 2.26: Sharma and Pandey [78] and Capek et al. [71] polarization curves.

In order to get the two variables presented, iperage and E.q, a Tafel extrapolation, or Tafel analysis,
is performed on the polarization curves. Usually, these values are computed with specialised softwares
when an electrochemical analysis is performed. The value of E,, is easily obtained, as it is corresponds
to the electrode potential that causes the lowest current density. The value of iyyerage iS @ little more
difficult to obtain, but according to Fontana [95] there are some simple rules to take iyycrqge Value from

a polarization curve:
1. The anodic part of the curve (more negative) is more relevant than the cathodic part;
2. Mark a constant line corresponding to E.,;
3. Search for a linear segment (around 15 to 30 mV) in the Tafel curve;
4. Try to find linear segments as close to the E., as possible;

5. The intersection of the prolongation of the linear segments with E., line will dictate the value of

Zaverage .

The representation of the Tafel extrapolation procedure according to Fontana [95] is presented in
figure 2.27.
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Figure 2.27: Representation of the Tafel extrapolation, adapted from [95].

The values of E., and igyerage in Sharma and Pandey [78] and Capek et al. [71] are presented in
table 2.14.

Table 2.14: E.; and igyeraqe from electrochemical analysis [71, 78].

Polarization Curve Equilibrium Potential (V) Average Current Density (A/m?)
Sharma 2019 -0.545 0.1153
Capek 2017 -0.422 -
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Chapter 3

Materials and Methods

According to the literature review, the fact that iron is one of the most promising materials to be used on
bone implants and to the work developed previously by Salama et al. [1], the material that is going to be
used on this dissertation is Fe.

The aim of this dissertation is to evaluate the iron corrosion behaviour through FEA, validating the
models created with previous experiments by Salama et al. [1]. For this, tensile and compression tests
were performed to obtain mechanical properties of the material, to be inserted in the FEM software for
the corrosion analysis, as the mechanical behaviour of Fe could influence the implant performance, for
example, with stress assisted corrosion.

In this chapter, the experimental and numerical procedures will be described. The mechanical
properties of the iron were obtained through tensile and compression tests input the numerical
simulations of the corrosion behaviour with the COMSOL software, and the numerical model was

calibrated with the experimental results from Salama et al. [1].

3.1 Material characterization

Iron rods with a diameter of 19 mm and a length of 1000 mm, commercially available with 99.8% purity

were purchased from Goodfellow Inc., Cambridge, UK.

3.1.1 Tensile Tests

The tensile specimens were designed with software 3D CAD Solidworks® according to ASTM E8/E8M
- 21 [97], Standard Test Methods for Tension Testing of Metallic Materials, where the round specimen
type 2 with gauge length four times the diameter (E8) was used. The machining of these specimens
was performed in a CNC lathe by NOF, in IST. The tensile specimen geometry and technical drawing
are represented in figure 3.1. After the machining, the specimens were stored in oil to prevent oxidation

until the testing day. Before testing, the specimens were cleaned with acetone to degrease the surface.
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Figure 3.1: Tensile specimen (a) Render; (b) Technical drawing.

The tensile tests were conducted at room temperature on a universal testing machine, Instron
5900R, with a load cell of 200 kN. The test parameters are in accordance with the ASTM E8 / E8M-21
[97] standard, using the Bluehill Software for recording the test data. Figure 3.2 shows the tensile test

machine used for the tests.

Figure 3.2: Tensile test machine.

In total, five specimens were tested until fracture occurred. Load-displacement curves were obtained
for each test, being the load measured by the machine load cell, and the displacement was taken from

the equipment of Digital Image Correlation (DIC), that will be further explained on Section 3.1.3. The
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displacement used was the one recorded from the DIC equipement and not from the INSTRON machine,
because in the latter one the displacement is measured by the crosshead displacement, inducing in error,
since the focus area is in the middle of the specimen.

Having the force-displacement values and the initial gauge length and cross section area of the
specimen it is possible to compute firstly the engineering strain and engineering stress, e and S, and
then the true strain and true stress, ¢ and 0. These mechanical properties are obtained with the
equations:

_ Displacement (3.1)

~ Initial Length
~ Initial Croszg2§tional Area (32)
e=In(e+1) (3.3)
=S(e+1) (3.4)

3.1.2 Compression Tests

Compression specimens were designed with the software 3D CAD Solidworks® following the designs
performed in Magrinho et al. [98], that are according to ASTM E9-19 [99], Standard Test Methods of
Compression Testing of Metallic Materials at Room Temperature: C1 specimens alike were
reproduced, where the diameter was of 18 mm instead of 20 mm, due to the dimensions of the iron
rods purchased. These specimens and the technical drawing are presented in figure 3.3. The
machining of this specimen was performed in a conventional lathe in Laboratério de Tecnologia
Mecénica. As described in Section 3.1.1, the specimens were stored in oil to prevent oxidation until the

testing day and, before testing, were cleaned with acetone to degrease the surface.
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\
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Figure 3.3: Compression specimen (a) Render; (b) Technical drawing.

The compression tests were performed at room temperature on a hydraulic testing machine, the
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Instron SATEC 1200, with a load cell of 1200 kN, shown on figure 3.4. The test is performed at
constant speed according to ASTM E9-19 [99], using Bluehill Software for data interpretation and
recording. Teflon® (polytetrafluoroethylene) sheets with thickness of 0.25 mm were used on top of the

specimens with lubrication purposes and to guarantee very low friction [98].

Figure 3.4: Hydraulic testing machine Instron SATEC 1200 [100].

As the structure of the compression machine is very tall, the shaft causing compression is long and
can be a little compressed while it should be rigid, suffering elastic deformation, altering the displacement
results. So, a dry-run testing, with no specimen between the plates of the setup was performed, in order
to analyse that behaviour. After this procedure, it was possible to correct the displacement values in the
mechanical curves.

Three specimens were tested in total. The displacement was, at least, 50% of the initial height of the
sample. or according to the technical drawing shown on 3.3, 20 mm.

Load-displacement curves were obtained for each test, where both groups of values were taken from
the Bluehill software.

As described in Section 3.1.1, the values for e, S, ¢ and ¢ are computed with the equations 3.1 to
3.4, in order to then plot the stress-strain curves. Lastly, the DIC equipment was used to obtain strain

measurements.

3.1.3 Strain Measurement

The strain and displacement measurements of the tensile and compression tests performed on the
universal testing machines Instron 5900R and Instron Satec 1200 were obtained with a DIC system:

model Q-400 3D from Dantec Dynamics. This equipment has two cameras with 6 megapixels of
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resolution and 50.2 mm of focal length with an aperture of f/8. The surface of the specimens was
painted firstly with white spray, and then sprayed with stochastic black droplets, presenting a dotted

pattern. A representation of the DIC system and of the preparing process is shown on figure 3.5.

O) ©
Figure 3.5: Strain measurement equipment and preparing (a) Q-400 3D model from Dantec Dynamics
[100]; (b) first layer of white spray on tensile specimen; (c) final aspect of painted tensile specimen.

The painted, measuring area, was illuminated with one to three spotlights in order to provide a larger
measuring section of the specimens. There is one spotlight in the middle of the cameras that is always
part of the setup, and the other two are additional, only used if more light is necessary for the proper
functioning of the system. The image acquisition was made with a frequency of 10 frames per second,
and the correlation algorithm was performed with the ISTRA 4D software. The setup for the tensile and

compression tests are shown on figures 3.6 and 3.7, respectively.

g

/ Grips
/ Specimen

Camera

(a) (b)

Figure 3.6: Tensile test DIC system setup (a) schematic representation [100]; (b) system setup in the
experimental tests.
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(a) (b)

Figure 3.7: Compression test DIC system setup (a) schematic representation [98]; (b) system setup in
the experimental tests.

3.2 Finite Element Modelling of iron degradation

As already mentioned in Chapter 1, this work relies on previous results obtained by Salama et al. [1],
where the purpose of the study was to evaluate the degradation behaviour and the mechanical properties
of porous iron samples with porosities from 20 to 30%.

For the numerical simulations of the corrosion behaviour the FEM software COMSOL Multiphysics
version 5.6 and one of its available modules, the Corrosion Module, was used. This COMSOL module
mainly uses implicit solutions, and it offers the possibility to use elements from first up to fifth order and
different nonlinear methods to compute the solution. In this case, first order elements and an Automatic
Newtonian Nonlinear method, where the solver automatically determines a damping factor in each
iteration of Newton’s method, were used [101, 102].

The Corrosion Module has many physics features available, such as chemical species transport,
electrochemistry and corrosion interfaces. All of them describe the potential and current distribution in
the electrolyte and in the corroding or protected metallic structure, allowing to include the influence of
mass transport and heat transfer. Lastly, the ability to account for mass transport in the electrolyte allows
for modeling the corrosion caused by variations in, for example, salt concentration, oxygen concentration,
and pH [102]. Despite offering all these functionalities, only the basic physics features were used in this
dissertation, in order to have a solid model as baseline.

In the Secondary Current Distribution interface model the rate of the electrochemical reactions can
be described relating the reaction rate to the activation (or reduction) overpotential,  , defined in an

electrode reaction as:
n=¢s— ¢ — Eeq (3.5)

where ¢, is the electric potential in the electrode , ¢, the electrolyte electric potential and E., is the
already introduced equilibrium potential [102].

This physics interface, with the electrochemical corrosion being described by the reaction of iron
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dissolution reaction Fe — 2e- — Fe?*, uses several relations for the charge transfer current density and
the overpotential, such as Butler-Volmer and Tafel expressions. The general expression is of Butler-

Volmer type:

o=l (557) - o0(35E7) 6o

where i;,. denotes the local charge transfer current density, iy the exchange current density, «, the
anodic transfer coefficient, a.. the cathodic charge transfer coefficient, F' is the Faraday’s constant, R the
universal gas constant, and 7' the temperature [102].

Assuming high anodic overpotencials for a given current, as it is the case for iron in SBF, where the
kinetics are slow, the cathodic therm for the original Butler-Volmer expression can be neglected. So, the
anodic Tafel equation is as follows:

iloe = ig - 107/ Aa (3.7)

where A,, in V, is the Tafel slope [102].

Lastly, for the Corrosion with Deformed Geometry, the deposition rate and electrode growth velocity
are defined by the Current Dlstribution interface between the electrolyte and the electrode. In the
electrode surface it is specified which species participate in the electrode reactions, the reaction
kinetics and the stoichiometry. The surface concentration variables of the deposited species are used
to calculate the thickness of the deposited layer, and the depositing rate sets the boundary velocity for
the deforming geometry. The dissolution (or deposition) is always assumed to occur in the normal

direction to the electrode boundaries, with the velocity directed to the electrolyte domain:

oz
ot

species and electrode reactions, according to:

Vaeptor = ) ];f 3 % (3.8)

"M = Vgep tot » Where vgep, 10+ 1S the total growth velocity, the sum of the velocity contributions for all

where M; is the molar mass in kg/mol, p; is the density of the species in kg/m®, v;,, is the
stoichiometric coefficient of species i with respect to reaction m, and n,, is the number of electrons
transferred [102].

Firstly, the Bulk iron specimen was used for validation of the numerical model comparing the
numerical results with the experimental ones from Salama et al. [1], and a sensitivity analysis of
parameters was performed. Only then the porous specimens from that article were analysed, in order
to verify if the conclusions were general or not.

Lastly, a COMSOL tutorial was developed, explaining how a model like the one used in this work is

created and how the results are evaluated. Some slides of this tutorial are presented in Appendix A.
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3.2.1 Numerical model

3.21.1 Physics and Study

COMSOL Multiphysics has a Model Wizard that helps building the model, choosing the space dimension,
physics interfaces, and the type of analysis. Several parameters must be selected in the model. For the

numerical model it was considered:

» Space dimension: 3D dimension.

+ Physics: "Corrosion with Deformed Geometry and Secondary Current Distribution”. It computes
the deformation of a part into a corrosive medium and describes a corrosion cell, assuming that

the variations in the composition of the electrolyte are negligible.

+ Study: "Time Dependent with Initialization”. It is ruled by secondary current distribution equations,

and consists of two steps:

1. Current Distribution Initialization study: solves for the potential fields only;

2. Time Dependent study: field computed by the first step is used as initial condition.

3.21.2 Specimen

COMSOL allows geometry drawing inside the software, but it is relatively limited, thereby only very
simple steps were performed there - such as creating the cylinder for the total volume, some rotations
and translations.

Firstly, the specimen (bulk or porous) was imported to COMSOL in .STL format. These specimens
were designed in Solidworks® according to the specimens in Salama et al. [1], and they are shown in

figure 3.8.

(a) (b) (c) (d)

Figure 3.8: Specimens drawn on Solidworks® (a) bulk specimen; (b) A4_2_20% specimen; (c)
A4_2 23% specimen; (d) A4_2_30% specimen.
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Then, if it was desired that they should be inclined, a rotation was applied. After this, a cylinder around
the specimen must be created to represent the electrolyte and specimen volume. Finally, a difference
between the cylinder and the specimen must be performed, so the geometry left is the volume of the
electrolyte, which is the domain that will be analysed, represented in figure 3.9. The recipient had a

diameter of 35 mm and a height of also 35 mm.

20
mm 20

\ //—» Recipient Surface
{ Dl 0

‘ ‘ Electrolyte Domain

Specimen Surface

Figure 3.9: COMSOL model - vertical bulk specimen.

3.2.1.3 Material Properties

Now that the geometry is created, the model is ready to receive the materials inputs. In the corrosion
analysis, they are attributed to the surfaces of the part that are in contact with the electrolyte - where
the chemical reactions occur. For this type of analysis, the properties inserted in the model are the local
current density expression, the equilibrium potential and the mechanical properties of the specimen.
The rules given by Fontana [95] described in Section 2.3.3 were used to take i4yeraqe Value from
Capek polarization curve. As it was not explicit how the values of iqyerqge Were determined, the
methodology presented in Fontana [95] in the Section 2.3.3 was applied to validate the values obtained
by Sharma and Pandey [78], and also to identify new values to be used for the sensitivity analysis. The
figure 3.10 represents the Tafel Extrapolation used on the Sharma polarization curve, for better

understanding of how the rules are applied. The numbers in the figure are related to the enumeration of
the rules in Section 2.3.3.
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Figure 3.10: Rules by Fontana [95] applied on the Sharma polarization curve.
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The Tafel analysis applied on the two polarization curves are shown of figure 3.11.
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Figure 3.11: New values obtained with Tafel Extrapolation for Average Current Condition (a) Sharma
additional igyerage 1; (b) Sharma additional igyerage 2; (C) Capek igerage-

The data obtained with the Tafel extrapolation is summarized in table 3.1.

Table 3.1: Polarization curves data [71, 78].

Polarization Curve Equilibrium Potential (V) Average Current Density (A/m?)
Sharma et al. (2019) -0.545 0.1153 | 0.0523 | 0.015
Capek et al. (2017) -0.422 0.0125

3.2.1.4 Current Distribution and Boundary Conditions

When it comes to Current Distribution and Boundary Conditions, there is a need to define the current
distribution condition. There were three types of current distribution available: Primary, Secondary or
Tertiary. According to the COMSOL Multiphysics Reference Manual [101] and following the flow chart
found on COMSOL Corrosion Module User’'s Guide [103] presented in figure 3.12, the Secondary Current
Distribution was the most suitable for the primary simulations performed on this dissertation. In this
same branch, it is also defined the reference electrode used in material previously established (on the

polarization curves and on the equilibrium potential), that is used as a global electric reference potential.
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Both in Sharma and Pandey [78] and Capek et al. [71] the reference electrode was the SCE.

NO

Electroanalysis

Is mass
Tertiary Current YES transport/

Distribution tial
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Secondary Current
Distribution +
Chemical Species
Transport

NO

Are electrode
kinetics/activation
overpotential
important?

Secondary Current Primary Current
Distribution Distribution

Figure 3.12: COMSOL - modelling method choice flow chart in COMSOL Corrosion Module User’s
Guide [103].

3.2.1.5 Other parameters

Other parameters that need to be set are the temperature, T', and the Electrolyte Conductivity, x. T
value was initially used as 310.15 K, or 37 ° C, as this is the approximate body temperature and at which
the experimental tests were performed [1]. As to x value, experimental tests reported in Magyari et al.
[92] studied the conductivity of Fe in SBF through time. A sensitivity analysis of this parameter was
undertaken and the iterated values will be presented on Section 3.2.2.

Lastly, as for the boundary conditions, two options were applied: External Electric Potential (EEP)
boundary condition, imposing constant voltage on the part external boundaries and setting the potential
directly; Average Current Density (ACD) boundary condition, imposing constant current on the part
surfaces, setting a constant electrolyte potential along the given boundary that satisfies the current

value setting.
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3.2.1.6 Mesh Creation

The meshes were created with predefined sizes of mesh elements that are tetrahedrons, given by the
software. The tetrahedrons are the standard type of 3D elements in COMSOL, providing nine mesh

predefined sizes, with the characteristics shown on table 3.2.

Table 3.2: Mesh elements properties.

Mesh Quality Index s S i)

Minimum Maximum
Extremely Coarse (1) 2.45 17.5
Extra Coarse (2) 1.89 10.5
Coarser (3) 14 6.65
Coarse (4) 0.98 5.25
Normal (5) 0.63 3.5
Fine (6) 0.35 2.8
Finer 7) 0.14 1.93
Extra Fine (8) 0.0525 1.23
Extremely Fine (9) 0.007 0.7

The indexes presented in table 3.2 (1) to (9) are introduced to be used later when the convergence

of results is evaluated.

3.2.2 Sensitivity Analysis

Firstly, in order to get reliable results, a mesh refinement was performed, in order to verify with which
size of elements a convergence of the results would be obtained. Then, the next variants were iterated:
external electric potential, average current density, electrolyte conductivity and temperature. The
experimental results obtained by Salama et al. [1] were used to validate the models where the
parameters of the FEA software COMSOL — Corrosion Module were iterated and, doing that, indicate
what models should be selected to continue on the sensitivity analysis. Therefore, it would be obtained
a good correlation between simulations and experiments. This sensitivity analysis was performed as
demonstrated in the scheme in figure 3.13, where the first step of the analysis is, as already stated, the
mesh refinement. Then the next steps were iterating the values for the EEP and ACD boundary

condition, the Electrolite Conductivity, and lastly, the Temperature.

External Electric Electrolyte

Potential [V] Conductivity [S/m] Temperature [K] ?
Mesh Refinement ?
Average Current Electrolyte
b ?
Density [A/n] Conductivity [S/m] Temperature [K]

Figure 3.13: Sensitivity analysis scheme.

Also, the positioning of the specimen and the volume of the electrolyte were analysed to identify their
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implications in the results. The simulations data gathered in this work can be further applied, for example,

on the analysis of specimens with complex geometries which are difficult to manufacture.

3.2.2.1 Mesh Refinement

COMSOL allows for two types of mesh refinement: 1) on boundaries, refining the mesh on the boundaries
selected and creating a normal mesh (quality index 5 from table 3.2) on the rest of the domain, also named
as "Local refinement mesh”, where the mesh was refined at the boundary of the iron sample; 2) on the
domain, creating a mesh with equal properties all over the domain, also denoted by "Global refinement
mesh”, where every element of the mesh including the electrolyte was refined. Both of the processes
were used to evaluate the mesh refinement. The Local Refinement meshes are represented in figure

3.14, only showing the mesh in the bulk surface for better analysing.

.
A 0

(c)

(@

Figure 3.14: Local refinement meshes (a) Mesh Quality: Normal (5); (b) Mesh Quality: Fine (6); (c)
Mesh Quality: Finer (7); (d) Mesh Quality: Extra Fine (8); () Mesh Quality: Extremely Fine (9).

Forthe Local Refinement Mesh in figure 3.14, the mesh with Normal quality is the first mesh presented
because COMSOL could not create a coarser mesh in the bulk specimen boundaries - specifically, for
the mesh quality indexes (1) to (5), the mesh created always had the element size from the quality index
(5). So, from Extremely Coarse (1) until Coarse (4) quality, from the mesh quality indexes on table 3.2,
the mesh is always the same. Additionally, in figure 3.15 it is shown the entire mesh of the mesh qualities
Normal (5), Finer (7) and Extremely Fine (9), where it is possible to verify that the mesh in the domain

is always the same.

(@ (b) (©

Figure 3.15: Local refinement entire meshes (a) Mesh Quality: Normal (5); (b) Mesh Quality: Finer (7);
(c) Mesh Quality: Extremely Fine (9).
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The Global Refinement meshes are represented in figure 3.16.
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Figure 3.16: Global refinement meshes (a) Mesh Quality: Extremely Coarse (1); (b) Mesh Quality:
Extra Coarse (2); (c) Mesh Quality: Coarser (3); (d) Mesh Quality: Coarse (4); (e) Mesh Quality:
Normal (5); (f) Mesh Quality: Fine (6); (g) Mesh Quality: Finer (7); (h) Mesh Quality: Extra Fine (8).

As it is possible to verify observing figures 3.16(a) to 3.16(h), when refining all the domain all the
elements change equally. This contrasts with what happened in figure 3.15, where only the mesh close
to the bulk surfaces were refined.

The study of mesh refinement for results convergence was performed with a corrosion analysis for

the bulk specimen during 28 days.

3.2.2.2 Mechanical Properties

As the type of study defined for the iron corrosion analysis in Section 3.2.1.1 mainly involves chemistry
equations, two different models were used to verify if the mechanical properties of the iron would
influence or not the results, 1) with the mechanical properties inserted in the model, and 2) without
mechanical properties in the model. To evaluate the difference, an analysis up to 730 days (two years)

was performed.

3.2.2.3 Influence of changes in time

In order to evaluate the influence of time in the numerical simulations, some variations were made in
the time at which the results were observed, specifically, instead of looking at the results only after 168
hours (7 days). It was checked what would happen if the results of mass change were compared with 4
hours before or 4 hours after those 168h. This 4 hour interval was chosen based on possible unexpected
events that would change the time at which the specimens were taken out of the SBF in the experimental

tests.
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3.2.2.4 Sharma and Capek polarization curves

Before starting to analyse the influences of changing the parameters in the EEP and ACD boundary
conditions, some models were created to evaluate the differences in using these two different polarization
curves, and understand if it would be worth it to use both. Consequently, four models were created: two
for each polarization curve, being one of the models regulated by ACD boundary condition, and the other
by EEP boundary condition.

For both of the models with the two different polarization curves, the OCP value used in EEP boundary
condition was -0.636 V, from Wagener et al. [94], as seen on Section 2.3.2. Regarding the average
current density applied in the ACD models, in the model of the Capek polarization curve was applied
the value taken from the curve, 0.0125 A/m?, and in the Sharma polarization curve was applied 0.0523
A/m?. This was the value chosen for the Sharma polarization curve in order to have applied two taverage
taken with Tafel extrapolation rules from the curves, as stated in Section 2.3.3, and this value was closer

with the one in Sharma and Pandey [78].

3.2.2.5 External Electric Potential (EEP) boundary condition

As previously mentioned two models were studied, specifically External Electric Potential (EEP)
boundary condition and Average Current Density (ACD) boundary condition. For the former model, it
was necessary to find the value of voltage applied on the specimen boundaries, ¢; ., , that would
result on similar values of mass change on the experimental tests. As seen on Section 2.3.2, from
Wagener et al. [94] two different values were used to verify the influences in the results: -0.68 and
-0.636 V. Also, this variable value was iterated until the numerical results were similar to the
experimental ones. In order to easily compare the numerical results with the experimental ones, the
deviation value computed in this dissertation is given by:
Numerical result - Experimental result

iati 0, — 0,
Deviation(%) = Experimental result x 100(%) (3.9)

3.2.2.6 Average Current Density (ACD) boundary condition

For the model of average current density, iqverage, in the boundaries, adequate values for the current
density needed to be found, in order to get similar values to the mass change verified in the experimental
tests. The values iterated are the ones presented in Section 3.2.1.3. From Sharma polarization curve
the values obtained were 0.1153, 0.0523 and 0.015 A/m2, while with the Capek’s polarization curve the
value chosen was 0.0125 A/m?. Also, following the values from the literature, those were iterated until

similar results to the experimental ones were obtained.

3.2.2.7 Electrolyte conductivity, «

According to the plot in figure 3.17 and as referred on Section 3.2.1.4, the electrolyte conductivity was

iterated to observe its influence in the results. The three values used are represented in figure 3.17.
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Figure 3.17: Electrolyte conductivity values. Adapted from Magyari et al. [92].

The three different values in time considered were converted to Sl units, and are therefore 1.715,
1.883 and 2.356 S/m.

Following the statements made and the values, simulations were made with the conclusions taken
out from Section 3.2.2.5. So, the EEP boundary conditions concluded from Section 3.2.2.5 were used

to iterate x (following the sensitivity analysis scheme in figure 3.13 in Section 3.2.2).

3.2.2.8 Temperature, T’

Additionally to the value considered and already presented in Section 3.2.1.3, whichis T' =37 °C, a
variation of this value was also considered to understand if it would change the results. In Section 2.2 it is
referred that in Salama et al. [1] the temperature had a variation of + 1 ° C, being that the variation of the
thermocouple in the equipment used. So, an excessive variation of +2° C to the reference temperature
was implemented, to guarantee that the model would be well validated.

The simulations performed to iterate the temperature value were according to the scheme in figure
3.13.

3.2.3 Sample Positioning

The positioning of the specimen in the electrolyte recipient was subsequently analysed. In the
experimental conditions of Salama et al. [1], the specimen was inclined and leaned on the recipient
wall. Three different positions, represented in figure 3.18, namely vertical, inclined and horizontal, were

taken into account. The objective was to understand the influence of this variation in numerical results.
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(a) (b) (c)

Figure 3.18: Specimen positioning in the electrolyte recipient (a) Vertical; (b) Inclined; (c) Horizontal.

3.2.4 Electrolyte volume

Lastly, the electrolyte volume was iterated in order to observe the influences of this variation in the mass
change numerical results, developing three different configurations that are shown on figure 3.19. The
original approximated volume was 32490 mm3, while the two variations of the original recipient had the
volume of 23556 and 42786 mm?3.

Figure 3.19: Variations in the electrolyte volume (a) Smaller recipient, V olume = 23556 mm?3; (b)
Original recipient, Volume = 32490 mm?; (c) Bigger recipient, Volume = 42786 mm3.

For the analysis of the influence of the electrolyte volume variation, only the EEP boundary condition

with ¢; ..+ concluded from the EEP boundary condition sensibility analysis was applied.

3.2.5 Porous Specimens

After calibrating the model with the experimental results of weight loss obtained for the bulk iron
specimen, the achieved parameters were applied on the porous specimens’ simulations (as already
mentioned in the beginning of Section 3.2), to confirm if the numerical results with small relative

deviations where global. The porous specimens in COMSOL software are shown on figure 3.20.
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(a) (b) (c)

Figure 3.20: Porous specimens’ models on COMSOL (a) A4 _2 20 specimen; (b) A4_2 23 specimen;
(c) A4_2 30 specimen.

Also, remembering the experimental procedure done in Salama et al. [1] schematized on figure
2.20, for which the amount of mass lost was measured, three different methods of performing

numerical analysis were carried out (it is also shown in figure 3.21):

* (A) Continuous analysis of 28 days: equivalent of measuring the weight of the samples every 7
days, in a hypothetical case where the mass could be measured without taking the specimen out

of the electrolyte medium;

+ (B) Phased analysis of 28 days: involving 4 different analysis, where the mesh at the 7" day (and

then 14" and 21%!) is exported, to run a new analysis (similar to the experimental method);

+ (C) Analysis of 42 days: only computing the volume at the 42" day, without ever changing the

electrolyte.
28 days 42 days
experiment experiment

(A) (B) ©
Continuous analysis Phased analysis Continuous analysis

0 0 7 14 27 0

I ¥ ) ) ¥ )

7 7 14 21 28 42

¥

14

¥ Legend:

23 =P Continuous analysis

28 Export results

Figure 3.21: The three different methods to analyse the porous specimens.
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Chapter 4

Results and Discussion

This chapter presents the results obtained for the mechanical tests, tensile and compression tests, and
the results for the numerical simulations, including the results from the calibration analysis which
conclusions are then used on the porous specimens.

The results obtained are also discussed. For the mechanical tests, the results are compared to
the available data in the literature. The numerical tests are compared with the experimental results by
Salama et al. [1]. In the next tables, the deviation or percentage error between the simulation and the

experimental values will be presented.

4.1 Mechanical Characterization

In this section, firstly the force-displacement evolution and then the true stress-true strain curves are
obtained for each of the tests, tensile and compression. Then, with the strain data acquired by the DIC
equipment, the results are plotted in the principal strain plane. This results could be used for further
investigation on bone scaffolds, for example, to perform structural analysis or in order to try to predict

failure on this type of structures.

411 Tensile Tests

The figure 4.1 shows a tensile specimen after being tested. It should be noted that the ductility of the iron
was verified in a very visual way, with the presence of both the cup and cone shapes after the complete

failure of the specimen.
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Figure 4.1: Tensile specimen after being tested.

Using the force values from the data acquired with the Bluehill software and the displacement values
from the DIC equipment for each of the specimens, the force-displacement plot is created. To fit together
the displacement and force data, since they have different origins, the last instant before failure was
used as reference. It is not used the beginning of the test because the two machines could be started
at different instants in time. The force-displacement evolution of the specimens is presented on figure
4.2. Unfortunately, only in two specimens the DIC equipment analysis worked until the end of the test,
and consequently only two plots will be represented in the tensile results. This happened due to the high
ductility of the material, and the DIC system was unable to acquire deformation points near the fracture

in the other 3 specimens.

30.0

----- Specimen T1

——Specimen T2
25.0 A

20.0 1

15.0 A

Force (kN)

10.0 4 /i

50 i

0.0 : : . : :
0.0 2.0 4.0 6.0 8.0 10.0 12.0
Displacement (mm)

Figure 4.2: Force-displacement evolution for the two tensile specimens.
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The True Stress-True Strain curves are represented in figure 4.3.
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Figure 4.3: True Stress-True Strain evolution for the two tensile specimens.

Although the evolutions in the force-displacement and in the o-¢ plots of the two tensile specimens,
T1 and T2, do not present a perfect coincidence, their form is similar and according to the curve available
in the literature for pure iron [104].

In figure 4.4 it is represented in 2D the strain data gathered with the DIC equipment and processed
with Istra4D for one of the tensile tests. The physical specimen is in the background, where it is easily

observable the existing deformation.

®
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True Principal Strain 1/strain
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(@ (b) (© ()]
Figure 4.4: Strain data acquired with DIC in several moments of the tensile test, 2D results: (a)

beginning of the test; (b) halfway through the test, before losing data of half of the specimen; (c) after
losing data of half of the specimen; (d) end of testing.
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In figure 4.5 are shown the results in a 3D way that is available in Istra4D.

0.00- . 0.00-
True Principal Strain 1 True Principal Strain 1
Strain/strain Strain/strain

0.00-
True Principal Strain 1
Strain/strain

~l 0.00-
True Principal Strain 1
Strain/strain

(@) (b) (0 (d)

Figure 4.5: Strain data acquired with DIC in several moments of the tensile test, 3D results: (a)
beginning of the test; (b) halfway through the test, before losing data of half of the specimen; (c) after
losing data of half of the specimen; (d) end of testing.

The same issues reported earlier in this section were responsible for not being possible to obtain data
of the entire specimen through the whole process. Also, this loss of data can influence the results, as

the displacement and strain values in the middle of the specimen are not acquired.

4.1.2 Compression Tests

The figure 4.6 shows the compression specimens after being tested. It is observable that, although the

Teflon® sheets were used, every specimen showed a slight barrel effect.

Figure 4.6: Compression specimens after being tested.

The force-displacement plot of the dry-run test is presented in figure 4.7, plotted to provide the trend
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line function and the coefficient of determination, R?, there represented.
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Figure 4.7: Elastic recovery displacement-force evolution.

With the trend line function, a correction factor for the displacement values is computed through the
force values, and when both of the values are added, the result is the true displacement value. Figure

4.8 represents the difference of having the displacement corrected or not.
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Figure 4.8: Force-displacement evolution for the compression C1 specimen, with and without the
displacement corrected.

Performing the process of correcting the displacement for every specimen, the force-displacement
curves are ready to be plotted. The results are in figure 4.9. It is observable that the force grows

monotonically with the increase in the displacement, until the test was stopped.
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Figure 4.9: Force-corrected displacement evolution for the three compression specimens.

As it can be observed in figure 4.9, there is a good correlation between the three different plots.

The True Stress-True Strain curves are represented in figure 4.10.
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Figure 4.10: True Stress-True Strain evaluation for the three compression specimens.

In addition to the curves showing good coincidence with each other, their form is similar and according
to the curves available in the literature for pure iron [104].

As it is observable from figures 4.3 and 4.10, the compression true stress-true strain evolution
reaches higher strain values than the tensile ones. Consequently, the compression tests are the ones
used to make the approximation of the Ludwik-Hollomon curve. After shortening the curves of the o-¢

compression tests and adding an exponential trend line, the results obtained are shown of figure 4.11.
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Figure 4.11: Approximation of a Ludwik-Hollomon curve to the compression tests results.

The equation of the Ludwik-Hollomon curve presented in the results is o = 941.41£%-216,
The strain data gathered with the DIC equipment and processed with Istra4D for one of the

compression tests is presented in 3D in figure 4.12, with three different instants of the compression test.

0.00 0.00 0.00

True Principal Strain 1

True Principal Strain 1 True Principal Strain 1
Strain/strain
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Figure 4.12: Strain data acquired with DIC in several moments of the compression test: (a) beginning
of the test; (b) halfway through the test; (c) end of testing.
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4.1.3 Principal Strain Plane

The values of the strains ¢; and 5, respectively radial and axial, acquired with the DIC equipment were
used to create the principal strain plane, represented in figure 4.13. Also, with dashed lines, are

represented the theoretical straight lines for this type of experimental tests.
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Figure 4.13: Principal strain plane from the strains measured in the tensile and compression tests.

It is observable that the specimens C1 and C2 possess a behaviour according to what is stated in
the literature [104]: the ratio of ¢; to ¢4 is % : —1 for uniaxial compression. The specimens T1 and T2
also possessed a behaviour according to what is stated in the literature, with the ratio of £; to 5 being

1: —%, despite being more deviated from the theoretical trend line for tensile tests.

4.2 Sensitivity Analysis

4.2.1 Mesh Refinement

The results of the mesh refinement are presented in two forms: computation time, and the simulation

results for mass change. The times of computation are in the table 4.1.
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Table 4.1: Mesh refinement computation times.

Mesh Quality Index Computation Time

Local Refinement Global Refinement

Extremely Coarse (1) 10s 6s

Extra Coarse (2) 10s 5s
Coarser (3) 10s 5s

Coarse (4) 10s 6s

Normal (5) 10s 11s

Fine (6) 10s 18 s

Finer (7) 12s 1min2s
Extra Fine (8) 19s 6 min 24 s
Extremely Fine 9) 44 s 1h48 min55s

The simulation results are given by the mass change in function of the mass quality index used. In

this dissertation, the mass change is computed by:

Am Initial mass - Mass at the i" day

—— (%) = T x 100(%)  i=0,7,..,42 (4.1)

m0

The simulation results are shown in figure 4.14, presenting the values of the mass changes as a
function of the mesh quality index of each model’s mesh, from 1 to 9. Two curves are shown for Local

refinement mesh and Global refinement mesh.
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Figure 4.14: Mesh refinement results graphic.

Looking at figure 4.14 it is clearly visible that, with the Local Refinement mesh, the results with the
Mesh Quality index from 1 to 5 are always the same, as the graph as a horizontal, constant shape. This

proves that, using a Mesh Quality index from 1 to 5 for the bulk specimen, the mesh is always the same
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(as already previously stated earlier in Section 3.2.2.1). Having in mind that this mesh refinement is
being performed for later use in a porous specimen, using elements size higher than 0.63 mm (from data
in table 3.2) could lead into doubtful results for the mass change, or even worse if the element size was
too coarse for an optimized geometry. So, although the results seem to have already converged from
mesh quality index from 1 to 9, a mesh quality poorer than Normal (5) could never be used. Also, looking
at figures 3.16(e) to 3.16(h), it is observable that the refinement of the mesh has a lot of influence in the
curvature of the recipient. As using Local Refinement the mesh in the domain has Normal (5) quality
index, it was decided to not use this type of refinement, as it could lead to some errors when computing
the mass change of the specimens.

Also from figure 4.14 it can be stated that for meshes as or more refined than Mesh Quality Index 6
for the Global Refinement the mass change results have already converged.

With this, it was concluded that the Global Refinement with Finer quality index (7) would be used,
because it provides a balance between reliable results and fast simulations. This mesh is represented

in figure 4.15, the same as the one presented in figure 3.16(g).

Figure 4.15: Mesh from Global Refinement with mesh quality index Finer (7).

4.2.2 Mechanical Properties

The results of the mechanical properties influence analysis are presented in the table 4.2. The study
was done for 730 days, or 2 years, in order to have a longer time interval to analyze if the mechanical

properties would influence the results or not.

Table 4.2: Variance of results with the mechanical properties at the 730" day.

Model Volume at the 730%" day (mm?) Difference (mm?3)
1) With mechanical properties 32658.399
0.000
2) Without mechanical properties 32658.399

It is concluded from the results that the mechanical properties do not influence the results. However,
these properties are very important if it were desirable to perform another type of analysis. For example,

a simulation where a mechanical test would be performed after the corrosion of the iron specimen.

55



4.2.3 Influence of changes in time

The results of the simulations performed to analyse the influence of little changes in time are presented
in table 4.3. It is observable that, changing the testing time at which the mass is checked, between 164

and 172 h, the results only vary by approximately 0.02%, thus considered negligible.

Table 4.3: Variance of results with little changes in time at the 7th day.

Time (h) Mass change (g) Mass change (%) Difference (%)
164 0.0751 0.8401 0.0204
165 0.0756 0.8452 0.0153
166 0.0760 0.8503 0.0102
167 0.0765 0.8554 0.0051
168 (7 days) 0.0769 0.8605
169 0.0774 0.8656 0.0051
170 0.0779 0.8707 0.0102
171 0.0783 0.8758 0.0153
172 0.0788 0.8810 0.0204

4.2.4 Sharma and Capek polarization curves

Following the values stated in Section 3.2.2.4 to apply in the ACD and EEP models for the two polarization
curves, from Sharma and Pandey [78] and Capek et al. [71], the simulations were performed and the
results compared with the experimental results by Salama et al. [1]. The results of mass change through

time are shown in figure 4.16.
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Figure 4.16: Results of mass change variation in time, with ACD and EEP boundary conditions applied
in Sharma and Capek polarization curves.

Observing the plot in figure 4.16 it is possible to conclude that the results with the models using
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Sharma polarization curve, either with ACD or EEP boundary conditions, are always closer to the
experimental results then the results of the models with Capek polarization curve. Also, as already
stated before in Section 2.3.3, Capek polarization curve was obtained when using pure Fe in contact
with a SBF slightly different from the one used by Salama et al. [1] and Sharma and Pandey [78]. So,

the conclusion taken here was that the Capek polarization curves would not be used anymore.

4.2.5 External Electric Potential (EEP) boundary condition

All the results from the EEP boundary condition simulations are presented in table 4.4.

Table 4.4: Results with different EEP boundary conditions applied.

Experimental CcomsoL
Time (days) Dy o = —0.68V Dy exe = —0.636 V Dy pe = —0.62V Dy opr = =06V D ove = —0.57V
Am—TE (%) % (%) Deviation (%) % (%) Deviation (%) % (%) Deviation (%) % (%) Deviation (%) fnl(; (%) Deviation (%)

0 0.000 0.000 - 0.000 - 0.000 - 0.000 - 0.000
7 0.091 0.585 545.240 0.426 370.236 0.353 290.120 0.245 170.274 0.091 0.442

14 0.170 1.167 586.673 0.851 400.641 0.706 315.415 0.489 187.877 0.182 7.025

21 0.277 1.748 530.362 1.275 359.778 1.058 281.572 0.734 164.498 0.273 -1.629

28 0.357 2.328 552.447 1.699 376.086 1.410 295.174 0.978 174.001 0.364 1.946

Also, the results in COMSOL are presented in figure 4.17.
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Figure 4.17: EEP boundary conditions results (a) ¢ eqt : —0.68V; (D) s eqr : —0.636V;
(C) bs,eat : —0.62V5 (d) @5 cat : —0.6V; (€) P eat : —0.57V.

Analysing the results in table 4.4, it is assumable that the ¢; ., values from Section 3.2.2.5 create an
extremely corrosive medium: the deviation is higher than 350 % when using the value with the correct
reference electrode (when ¢, ... is -0.636 V). The ¢, .,: value was increased until the deviation was
almost null, with -0.57 V. From another point of view, observing figure 4.17, it is possible to state that
the different levels of EEP applied caused corrosion at different stages, but always uniform in all the

specimen surfaces.
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To conclude, from the sensitivity analysis, the values to go on are -0.6 V and -0.57 V: the first one
due to the fact that is the more correct according to the literature, as it gives the most similar results
when compared with experimental ones, and the second one due to the accuracy of the results when

compared to the experimental results of Salama et al. [1].

4.2.6 Average Current Density (ACD) boundary condition

Following what was described in Section 3.2.2.6, simulations results were obtained and are registered in

table 4.5 for the iterated values after the literature average current density in Sharma and Pandey [78].

Table 4.5: Results with different ACD boundary conditions applied (1).

Experimental

COMSOL

Time (days) igverage = 0.1153 A/m? iaverage = 0.1053 A/m? iqverage = 0.1 A/m? iqverage = 0.01 A/m? iqverage = 0.062 A/m’
am am iation (%) 2™ ation %6 ™ o4 ation (%) 2™ iation (%) 2™ A
mo o (B Deviation (%) mo Deviation (%) o Deviation (%) 0 (®  Deviation (%) o (0 Deviation (%)

0] 0.000 0.000 0.000 0.000 0.000 - 0.000
7 0.091 0.168 85.336 0.153 69.268 0.146 60.751 0.015 -83.920 0.090 -0.320
14 0.170 0.336 97.448 0.307 80.336 0.291 71.265 0.029 -82.863 0.181 6.214
21 0.277 0.503 81.449 0.460 65.730 0.437 57.397 0.044 -84.245 0.271 -2.374
28 0.357 0.671 88.007 0.613 71.726 0.582 63.095 0.058 -83.670 0.361 1.174
Also, the COMSOL results are in figure 4.18.
0
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Figure 4.18: ACD boundary conditions results (1) () iaverage : 0.1153 A/m2; (b) igverage : 0.1053 A/m?;
(€) iaverage : 0.1 A/M?; (d) dgverage : 0.01 AIM2; (€) igperage : 0.062 A/m?.

Continuing, in table 4.6 are the results for the values taken out of Sharma curve with Tafel

Extrapolation rules by Fontana [95].
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Table 4.6: Results with different ACD boundary conditions applied (2).

Experimental

Time (days)

comMsoL

laverage = 0.0523 A/m?

lverage = 0.015 A/m?

Am Am Am

ooy (%) o (%) Deviation (%) v (%) Deviation (%)
0 0.000 0.000 0.000
7 0.091 0.076 -15.912 0.022 -100.137
14 0.170 0.152 -10.397 0.044 -100.420
21 0.277 0.228 -17.639 0.066 -100.372
28 0.357 0.305 -14.643 0.087 -100.597

In figure 4.19 are the results in COMSOL for this last average current density values.

Thickness (@
change (um)

Figure 4.19: ACD boundary conditions results(2) (a) igverage : 0.0523 A/m?; (b) laverage : 0.0150 A/mZ2.

As before, it was observed that the corrosion happened uniformly over the whole surface of the
specimen, only at different levels due to the different levels of average current density applied.

Analysing the results, it was decided that the values that would be used in the following simulations
were 0.1153 A/m? and 0.0523 A/m?. The former value was the value in the paper of Sharma and
Pandey [78] and the deviation obtained was not excessive, while the latter was obtained with the Tafel
Extrapolation applied on the Sharma polarization curve, according to Fontana [95] (as explained of

Section 2.3.3), that gave the more accurate results when compared to the experimental results in

Salama et al. [1].

4.2.7 Electrolyte conductivity, «

The results of the simulations referred in Section 3.2.2.7 are presented in this section. The results of the

<1 ] =)

20

(b)

simulations using OCP value of -0.6 V is presented in table 4.7.
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Table 4.7: Results with different x and EEP boundary condition of -0.6 V.

Experimental CcomMSsOL

Time (days) k = 1.715S/m k = 1.883S/m k = 2.356 S/m

A A )  Deviation (%) -2 (%)  Deviation (%) ™ (%) Deviation (%

p—o (%) p— (%) eviation (%) p—o (%) eviation (%) - (%) eviation (%)
0 0.000 0.000 - 0.000 - 0.000 -
7 0.091 0.245 170.950 0.245 170.046 0.243 168.212
14 0.170 0.491 188.597 0.489 187.635 0.486 185.683
21 0.277 0.735 165.158 0.733 164.275 0.728 162.484
28 0.357 0.980 174.685 0.977 173.771 0.970 171.918

Average deviation (%) - 172.817 - 171.908 - 170.065

The results of the simulations using OCP value of -0.57 V is represented in table 4.8.

Table 4.8: Results with different x and EEP boundary condition of -0.57 V.

Experimental COMSOL
Time (days) k = 1.715S/m k = 1.883 S/m k = 2.356 S/m
fn—ng (%) rAn—n; (%) Deviation (%) % (%) Deviation (%) fn—rg (%) Deviation (%)
0 0.000 0.000 - 0.000 - 0.000 -
7 0.091 0.091 0.705 0.091 0.353 0.090 -0.361
14 0.170 0.182 7.305 0.182 6.930 0.180 6.170
21 0.277 0.274 -1.371 0.271 -1.716 0.271 -2.414
28 0.357 0.365 2.212 0.363 1.856 0.361 1.132
Average deviation (%) - 1.459 - 1.104 - 0.386

Lastly, figure 4.20 shows the COMSOL results of one of the simulations, the one with OCP of -0.57
V and k of 2.356 S/m. Only these results are shown because using OCP of -0.6 V the deviations were

rather higher, and using OCP of -0.57 V the results are very similar.

Time=28 d Surface: Total electrode thickness change (um)

<T T [T 1T TF= 0

Figure 4.20: COMSOL results with EEP boundary condition of -0.57 V and « of 2.356 S/m.

Observing the results, it is easily concluded that changing the electrolyte conductivity almost does
not influence the results. The deviation varies, at most, by approximately 2.8% when using OCP of -0.6
V (and looking at the mass change, it only changes 0.01%). The value that will be used henceforward
is 2.356 S /m because this value was for the 14" day (according to the figure 3.17), and the majority of

the simulations was for 28 days: thus represents the value for the middle of the evaluated period. Also,
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it is the value that has less deviation.

4.2.8 Temperature, T’

The results for the temperature influence simulations are in table 4.9.

Table 4.9: Results with different temperatures, for different boundary conditions.

Am
M h fter 28 d — (%
SRR S 5 o (%) Experimental Results

35 oC 37C 39 oC 379C
N 0.6 097016 097016 _ 0.97016
EEP Boundary Condition (V) 2057  0.36082 0.36082 0.36082 035678
ACD Boundary Condition (a/my 01153 067078 067078 067078 :
Y 00523 030454  0.30453 0.30454

The result for one of the models in COMSOL is presented in figure 4.21. Only one image is presented,

since the results are almost identical.

Time=28 d Surface: Total electrode thickness change (um) o

Figure 4.21: COMSOL results with EEP boundary condition of -0.57 V, « of 2.356 S/m and 37 ° C.

It is observed that the variation of 4+ 2 ° C does not influence the numerical results, thus the value for

the temperature variable will always be 37 ° C.

4.2.9 Sensitivity analysis conclusions

With the temperature value iterated, it is possible to conclude the sensitivity analysis and complete the

scheme in figure 3.13. The scheme completed is shown in figure 4.22.
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Figure 4.22: Sensitivity analysis scheme completed.

With this, the table 4.10 was created to resume the iterated values. These values are going to be

used for the simulations in Section 4.2.10, Section 4.2.11 and Section 4.3.

Table 4.10: Iterated variables to use in COMSOL.

Variable Values
Polarization Curve ilocmat -
-Equilibrium Potential (V) Eeq -0.545
-Average Current Density (A/m) laverage 0.1153 0.0523
Temperature (2 C) T 37
Electrolyte Conductivity (S/m) K 2.356
External Electric Potential (V) D oxt -0.6 -0.57

4.2.10 Sample Positioning

For this analysis, both boundary conditions were used: EEP and ACD. As was presented in the figure
3.18 in Section 3.2.3, the caption for the positioning in the recipient is the following: (a) vertical; (b)
inclined; (c) horizontal. The results of the simulations using the EEP boundary conditions are shown on

table 4.11.
Table 4.11: Results with EEP boundary condition applied: -0.57 V.

Experimental COMSOL

Time (days) Vertical Inclined Horizontal

% (%) fn—rg (%) Deviation (%) fn—rg (%)  Deviation (%) fn—ng (%)  Deviation (%)
0 0.000 0.000 - 0.000 - 0.000 -

0.091 0.090 -0.361 0.097 7.029 0.069 -24.221
14 0.170 0.180 6.170 0.194 14.042 0.137 -19.253
21 0.277 0.271 -2.414 0.291 4.819 0.206 -25.780
28 0.357 0.361 1.132 0.388 8.625 0.274 -23.082
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Also, the results of the simulations using the ACD boundary conditions are shown on table 4.12.

Table 4.12: Results with ACD boundary condition applied: 0.0523 A/mz.

Experimental COMSOL
Time (days) Vertical Inclined Horizontal

1An_78 (%) :1—"; (%) Deviation (%) fn—rg (%)  Deviation (%) fn—Tg (%)  Deviation (%)
0 0.000 0.000 - 0.000 - 0.000 -

0.091 0.076 -15.914 0.081 -10.454 0.058 -36.265
14 0.170 0.152 -10.399 0.162 -4.582 0.115 -32.084
21 0.277 0.228 -17.641 0.243 -12.295 0.173 -37.572
28 0.357 0.305 -14.644 0.324 -9.106 0.231 -35.300

Lastly, the results in COMSOL are shown on figure 4.23.
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Figure 4.23: Results with different ways of positioning the specimen (a) legend; (b) vertical; (c) inclined;
(d) horizontal.

Firstly, itis necessary to have in mind that the quantitative results in this section are not thatimportant,
at least for the EEP boundary condition, because the calibration of the value of the potential applied on the
EEP boundary condition was made also with the specimen in a vertical position, so the results with lower
relative deviation would always be from the vertical specimen. Also, as already stated, the objective was
to verify the influences of changing the position of the specimens in the mass change. For this specific
reason, the COMSOL results of only one of the models are shown.

From these results it is verified what is known from the literature: if the positioning of the specimen
causes an increase of the superficial area subjected to the corrosive medium, there will be an increase
of the mass loss. Looking at tables 4.11 and 4.12, it is observed that the mass change increases from (c)
to (a), and then increases even more to (b). Furthermore, it was concluded that using the leaned position
with the ACD boundary condition reduced the deviation of the results when compared to experimental

results obtained by Salama et al. [1].

4.2.11 Electrolyte volume

The results of the electrolyte volume influence analysis are reported in table 4.13.
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Table 4.13: Results with EEP boundary condition applied: -0.57 V.

Experimental COMSOL
Time (days) Volume = 23556 mm? Volume = 32490 mm? Volume = 42786 mm?
A o) AM )  Deviation (%) T (%)  Deviation (%) T (%) Deviation (%
o (% 0 (%) eviation (%) o (% eviation (%) —5 (%) eviation (%)
0 0.000 0.000 - 0.000 - 0.000
0.091 0.092 1.462 0.091 0.442 0.091 -0.362
14 0.170 0.184 8.112 0.182 7.025 0.182 6.940
21 0.277 0.276 -0.630 0.273 -1.629 0.273 -1.706
28 0.357 0.367 2.980 0.364 1.946 0.363 1.866
Average deviation (%) - 2.221 - 1.194 - 1.114

Observing the results, it is possible to conclude that the changes made in the dimensions of the
recipient had almost no influence in the results, changing the mass variation by no more than 0.005%
and the average deviation only changed by approximately 1%.

As conclusion from the Sensitivity Analysis, in addition to the parameters concluded and shown on
table 4.10, it was concluded that the best positioning of the bulk specimen was leaned on the recipient

wall, as shown on figure 4.24.
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Figure 4.24: Best positioning to be used for the bulk specimen model.

Also, table 4.14 compares the experimental results from Salama et al. [1] with the values obtained with
the leaned specimen, showing the best results obtained with the parameters from the sensitivity analysis,

where one model uses ACD boundary condition and the other one uses EEP boundary condition.
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Table 4.14: Results with EEP boundary condition applied: -0.57 V.

Experimental

laverage = 0.0523 A/m?

Dy ox = —0.57V

Time (day) fn—ng (%) fn—Tg (%) Deviation (%) fn_n; (%)  Deviation (%)
0 0.000 0.000 0.000

0.091 0.081 -10.454 0.097 7.029
14 0.170 0.162 -4.582 0.194 14.042
21 0.277 0.243 -12.295 0.291 4.819
28 0.357 0.324 -9.106 0.388 8.625

4.3 Porous Specimens

According to the described processes in Section 3.2.5 (or in figure 3.21), this section will be divided
in three studies: Continuous Analysis of 28 days experiment, Phased Analysis of 28 days experiment,

and Analysis of 42 days experiment. For simplification, table 4.15 presents a coding used in the next

sections.
Table 4.15: Coding used for the three different simulations conditions.

Denomination

Simulation
Continuous Analysis of 28 days experiment Condition A
Phased Analysis of 28 days experiment Condition B
Condition C

Analysis of 42 days experiment

The three models for the different types of specimens are shown on figure 4.25.
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Figure 4.25: COMSOL models for the porous specimens (a) A4_2_20; (b) A4 2 23; (c) Ad_2_30.
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4.3.1 Condition A

The two types of boundary conditions analysed in this dissertation were implemented, at first, for the
A4 _2 20 specimens with the 28 days experiment, with a continuous analysis. The results are
represented in table 4.16.

Table 4.16: Results of Ad_2 20 specimen with EEP and ACD boundary condition.

Experimental COMSOL
Time (days) Dsexe = —0.6V Dgext = =057V iaveruge =0.1153 A/m? iaverage = 0.0523 A/m?
m Am L Am _ Am L Am e
0 (%) 0 (%) Deviation (%) = (%) Deviation (%) o (%) Deviation (%) 0 (%) Deviation (%)
0 0.000 0.000 - 0.000 - 0.000 - 0.000 -
7 0.082 0.408 397.705 0.152 84.876 0.226 175.369 0.102 24925
14 0.138 0.816 489.788 0.303 119.175 0.451 226.458 0.205 48.123
21 0.272 1.223 350.009 0.455 67.302 0.677 149.196 0.307 13.083
28 0.367 1.629 343.416 0.606 64.922 0.903 145.651 0.410 11.490

Also, the results from the numerical simulations are shown on figure 4.26.

Thickness
change (um)

Figure 4.26: COMSOL results at 28" day for the specimen A4_2_20 (a) ¢ cot = —0.6 V;
(b) ds.cxt = —0.57 V; (C) iaverage = 0.1153 AIm?; (d) igperage = 0.0523 A/m?,

As it is easily noticeable, the deviations in table 4.16 are all rather high, excluding the ones obtained
with the ACD boundary condition with i4yerqge = 0.0523 A/m? applied. Consequently, only this model
will be used henceforth for the porous specimens. With this being stated, the results for the 28 days

experiment with a continuous analysis for the A4_2 23 specimen are represented in table 4.17.
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Table 4.17: Results of A4_2_ 23 specimen with ACD boundary condition: 0.0523 A/m?.

Experimental Numerical
Time (days) Am Am

0 (%) 0 (%) Deviation (%)
0 0.000 0.000 -

0.086 0.114 32.752
14 0.192 0.229 19.496
21 0.284 0.343 20.763
28 0.380 0.458 20.409

Also, the results for the 28 days experiment with a continuous analysis for the A4_2 30 specimen

are represented in table 4.17.

Table 4.18: Results of A4_2_30 specimen with ACD boundary condition: 0.0523 A/m?.

Experimental Numerical
Time (days) Am Am
0 (%) 0 (%) Deviation (%)
0 0.000 0.000 -
7 0.098 0.130 32.687
14 0.203 0.259 27.957
21 0.318 0.389 22.117
28 0.420 0.518 23.421

Lastly, the results from the numerical simulations are shown on figure 4.27.
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Figure 4.27: COMSOL results at 28" day (a) legend; (b) A4_2_ 23 specimen; (c) A4_2_ 30 specimen.

The deviations in the A4_2 20, A4 2 23 and A4_2 30 specimens are, respectively, 24.4%, 23.4%
and 26.5%. So, it can be stated that with the increase in the porosity, the model loses its accuracy,
as the deviations tend to increase with the increment in the porosity. This tendency of the increase of
the deviation with the porosity could mean that, experimentally, there are some effects that somehow

block the corrosion, and that are not verified in the numerical simulations. This could happen due to the
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disregard of the variation in space and/or time of the electrolyte composition, or ionic strength. As a note,
it is stated that this tendency could be even more noticeable if there was no break in the pattern of mass
loss in the specimen A4_2_20 between the seventh and twenty-first days in the experimental results,

increasing greatly the deviation in that time interval.

4.3.2 Condition B

To investigate if the phased analysis was more accurate than the continuous analysis, the table 4.19
has the results from both cases. The caption (A) and (B) is made according to the numeration of the

processes done in Section 3.2.5. The first one is for the analysis of 28 days with continuous analysis,
while the second one is for the phased analysis.

Table 4.19: A4_2_20 specimen: continuous analysis vs. phased analysis.

Experimental (A) (B)
Time (days) Am Am o (7 Am iation (%
= (%) =5 (%) Deviation (%) =5 (%) Deviation (%)
0 0.000 0.000 - 0.000
7 0.082 0.102 24.925 0.102 24.925
14 0.138 0.205 48.123 0.204 47.403
21 0.271 0.307 13.083 0.305 12.320
28 0.367 0.410 11.490 0.406 10.603

Also, the results of the phased analysis from COMSOL are shown on figure 4.28.

10

P :
O vt

Thickness (o) (d)
change (um)

Figure 4.28: COMSOL results for the phased analysis (a) results at the 71" day; (b) results at the 14"
day; (c) results at the 21™ day; (d) results at the 28™ day.
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Comparing results of the table 4.19 and also with the figures 4.26 and 4.28, it was concluded that
both types of analysis gave similar results, with a mass change variation of less than 0.01%. However,

it should be noted that using the phased analysis has two downsides associated:

» The new geometry is generated from a simplification of the mesh, after the latter being exported
from a previous analysis. This means that some simplifications are made, and the volume of the
new mesh will not be the same as in the first one. So, when comparing results, only the changes

in the volume, and not the volume itself, must be considered in the results.

+ This process is much more time consuming than the continuous analysis and the results are almost
the same, so it may not be worth it. Whereas for a continuous analysis it takes about 30 minutes
from the moment the model starts to be created until the results are ready, for a phased analysis it
takes around 75 minutes from the moment the first model is started until the results of the 28" day

are obtained.

4.3.3 Condition C

The results for the 42 days analysis are reported in the table 4.20.

Table 4.20: Results of porous specimen for a 42 days analysis.

A4_2_20 A4_2_23 A4_2_30
Time (days) Experimental Numerical Experimental Numerical Experimental Numerical
Amo/ Amo/ TR Amo/ Am(y TS A_mo/ A_mo/ TN
o (%) o (%) Deviation (%) o (%) o) (%) Deviation (%) 0 (%) 0 (%) Deviation (%)
0 0.000 0.000 - 0.000 0.000 - 0.000 0.000
42 0.457 0.614 34.412 0.420 0.686 63.370 0.430 0.781 81.625

Also, the COMSOL simulations results are shown on figure 4.29.
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Figure 4.29: COMSOL results at 42t day (a) legend; (b) A4_2 20 specimen; (c) A4_2_ 23 specimen;
(d) A4_2_30 specimen.

Analysing them, it is concluded that with the increase in the specimens porosity, the relative deviation
also increased. A possible justification could be that COMSOL maintains ideal corrosion conditions when

in reality this is not physically possible. On the other hand, comparing the experimental results of the
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28 days analysis from tables 4.16, 4.17 and 4.18 to the results presented in this section, it is possible
to conclude that the decrease in the mass change is small when compared to what might be expected.
Whereas the 28 days analysis has, experimentally, approximately 0.1% of mass change every 7 days,
the 42 days experimental results shown a mass change around 0.07% per week. This decrease in the
corrosive response could be due to experimental imprecisions that the simulation does not have into
account. For example, after the 42 days continuous corrosion there could have been some corrosion
products that could not be separated from the specimen, or with long corrosion periods the accumulation

of corrosion products in the specimen surface could slow down the corrosion process.

4.3.4 Parameters Confirmation

Lastly, more simulations were performed in order to confirm that the parameters concluded from the
Sensitivity Analysis, in Section 4.2, were the appropriate ones to be used in high porosity specimens with
long immersion times. Four different simulations were performed and their results were compared to the
ones obtained in Section 4.3.3 for the A4_2_30 specimen: a) using the Mesh Quality Index (8), Extra
fine; b) using ACD boundary condition with igyerqge Of 0.1153 A/m?; ¢) using EEP boundary condition
with ¢s .5+ Of -0.6 V; d) using EEP boundary condition with ¢ ¢, of -0.57 V.

When using the Extra fine mesh instead of the Finer, the results obtained were the ones presented
in table 4.21.

Table 4.21: Results of A4_2 30 specimen for a 42 days analysis with Finer and Extra Fine meshes.

Experimental Finer Mesh Extra Fine Mesh
Time (days)  am o i o am o
) (%) Simulation Time = (%) Deviation (%) Simulation Time o (%) Deviation (%)
0 0.000 0.000 - 0.000
2h 17min 48s 93h 40min 39s
42 0.430 0.781 81.625 0.790 83.717

It was concluded that using a more refined mesh is not beneficial, as the simulation time increases
exponentially and the difference in the mass change results is negligible.

When using the same boundary condition as in Table 4.20 but with a different value for i,yerage, OF
alternatively using the EEP boundary condition with the referred values for ¢, .,:, and comparing the

different results, the outcome obtained is as shown on table 4.22.

Table 4.22: Results of A4_2 30 specimen for a 42 days analysis with different boundary conditions

applied.
Experimental laverage = 0.0523 A/m? im,emge =0.1153 A/m? Dy oy = —0.57 V @ e = —0.6V
Time (days) Am Am o Am o o Am ” T Am o
o (%) poor (%) Deviation (%) ™o (%) Deviation (%) oy (%) Deviation (%) o (%) Deviation (%)
0 0.000 0.000 - 0.000 - 0.000 - 0.000
42 0.430 0.781 81.625 1.720 300.093 1.190 176.184 3.191 642.140

From the results, it is possible to conclude that, as observed in the beginning of Section 4.3.1, using
the ACD boundary condition with the igyerqqe Value of 0.0523 A/m? for the specimen with higher level of
porosity and with a long immersion period continues to be where the numerical results are closer to the

experimental ones.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This dissertation intended to study the viability of predicting pure iron corrosion in a SBF medium with
COMSOL FEA software. In order to accomplish this, the models developed results were compared
with experimental results obtained in Salama et al. [1], being used to calibrate and validate the models
developed. Also, pure iron was characterized mechanically so this properties would be included in the
COMSOL models.

Tensile and compression iron specimens were designed and machined for the mechanical
characterization. The force-displacement and true stress-true strain curves were obtained after
analysing the data. Also, the loading paths of the tensile and compression tests were plotted in
principal strain space, and the slope of the strain paths followed the expected behaviour.

The second part of this dissertation coupled the numerical simulations results of corrosion of the
various iron specimens in COMSOL software with the previous experimental work performed by Salama
et al. [1]. A sensitivity analysis was effectively performed, using the simpler bulk iron specimen, in order
to calibrate and validate the model for the real conditions in Salama et al. [1]. In this process, it was
concluded that: 1) there were some conditions or parameters that highly influenced the numerical results,
being these the mesh refinement, the specimen positioning, the polarization curve used and the boundary
condition applied; 2) other parameters or conditions had minor influences, specifically the electrolyte
electrical conductivity, some variations in the temperature, the electrolyte volume and the input of the
mechanical properties; 3) four different calibrated models could be used to simulate with great accuracy
the results of the Fe immersion tests in SBF. Those four models created were considered in the porous
specimens analysis. The models had two different types of boundary conditions applied, imposing in the
electrode (iron bulk specimen) surface, either a potential or a current density.

On the porous specimens numerical models, running firstly the simulations for the A4_2 20
specimen in a continuous analysis of 28 days experiment, it was concluded that only one of the four
models considered after the sensitivity analysis would be used for the porous specimens simulations.

The model chosen to be used was the one that had the boundary condition imposing a current density
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of 0.0523 A/m? on the electrode surface, with an average deviation of approximately 24% from the
experimental results.

It was observed that the average deviation of the numerical results when compared to the
experimental ones had a tendency to be higher with the porosity increase of the iron specimens. This
effect could be explained by some experimental limitations that somehow delayed the corrosion
processes and do not exist in the numerical model, such as the disregard of the variation in space and
time of the electrolyte composition or the ionic strength, no variation in electrolyte composition, no
variation on the pH of the solution, or the non-accumulation of corrosion products in the electrode
surface. Then, a phased analysis of 28 days experiment was performed, where four different analysis
were undertaken, for which the final result of the first set was exported to run the second analysis, and
so on (more similar to the experimental process). The conclusion was that the results were very similar
while still had the disadvantage of taking much longer to obtain the final value. The similarity of the
results means that the COMSOL models used did not have into account the aforementioned effects of
loss of some electrolyte properties over time that were observed in experimental tests, and so using a
phased analysis would be unnecessary. Lastly, with the analysis of 42 days experiment, the deviations
were even higher than those previously obtained. These larger differences should be addressed to all
the effects that happen experimentally and the models created disregard. Also, due to the 42 days
corrosion, the cleaning of the specimen is more difficult, and it is more possible that some corrosion
products stay attached to the iron specimens, altering the mass change measurements. Lastly, with the
simulation data gathered in this work it was concluded that numerical models can be used to simulate
corrosion phenomena faster and substitute the experimental studies that take much longer and are

much more costly.

5.2 Future Work

Concerning the scope of the present dissertation, some numerical model simplifications were made,
imposing some constraints that affected the results. The models used, assuming a secondary current
distribution in the domain, disregards some physical aspects that turn the model close to ideal and,
consequently, very different from the experimental conditions. Having this in mind, a model with chemical
species transport associated with the secondary current distribution could be developed to have the mass
transport and the concentration overpotential in consideration, or a model with tertiary current distribution
where the electrolyte composition or ionic strength vary in space and time. These more complex models
would allow to obtain results on the porous iron specimens more similar to the experimental ones, using
new parameters concluded from a novel sensitivity analysis.

Also, it would be very important to make an electrochemical analysis of the electrolyte-electrode
interface like explained in Section 2.3.3, with the SBF obtained in IPS and the iron acquired from
Goodfellow Inc., obtain the polarization curve from it and perform the Tafel analysis. This would
improve the accuracy of the sensitivity analysis and, probably, lead to better results in the porous

specimens. Also, it could be interesting to measure the electrolyte conductivity, as it makes no
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difference on a model created with secondary current distribution, but could do on a model with tertiary
current condition, for example. Moreover, the external electric potential applied on the electrode
surface should be experimentally measured in order to be used as input on the numerical model, as it
was observed that this parameter highly influences the numerical results. Additionally, longer
immersion tests and with more varied time intervals should be performed in order to accomplish more
data so the numerical model could be better calibrated, as it was in long term simulations that the
numerical and experimental results presented greatest differences between them.

Lastly, it was noticed that COMSOL had the tools needed to perform a very important set of analysis
in order to study the behavior of bone implants. By first doing a corrosion analysis on a bone implant
prototype, the mesh after the corrosion period (as an example, 28 days) could be exported and then
inserted in a new model, were a structural, linear analysis would be performed. This would allow to
study the mechanical properties before and after the corrosion process on COMSOL, so that it would
be possible to predict the structural changes that the corrosion had caused on the implant. For this, the
mechanical characterization of iron should be performed again, since the results were not satisfactory
mainly in the tensile specimens. Calibrating all this process with experimental results, COMSOL would

be the perfect tool to help on the design of bone implants, allowing fast and smart iterations.
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Appendix A

COMSOL tutorial

The COMSOL tutorial created explaining how to setup the computer and create a model like the ones
developed in this work is online on https://tinyurl.com/Tutorial-COMSOL-IST.

Also, it is presented below the thumbnails of the slides from the tutorial mentioned.
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